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magnitude different). In addition, ring hydrolysis does not result in
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the storage modulus as a function of time. (A) Hydrogels exhibited a
rapid decrease in the modulus in response to externally applied, low
doses of light (10 mW/cm? at 365 nm, 30 sec pulse, closed symbols),
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to 500 nm, continuous irradiation, inset). (C) In a thiol-rich reducing
microenvironment like that observed in tumors (ca. 10 mM GSH), a
decrease in the modulus of the multimodal degradable hydrogel
(closed symbols) was observed, indicating responsive degradation due
to reversible click and thiol exchange reactions of aryl thiol based
thioether succinimide linkages with GSH under reducing conditions.
Complete degradation is observed in approximately 2 days. (D) In an
aqueous microenvironment (phosphate buffer), the multimodal
degradable hydrogel exhibited slower degradation due to hydrolysis of
ester linkages with complete degradation in approximately 4 days
(closed symbols). The negative control (no degradable groups), after
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Figure 3.7 Synthetic route for preparing small molecule photolabile precursor.

Reagents and conditions are as follows: a) ethyl-4-bromobutyrate,
potassium carbonate in DMF; b) nitric acid (69.3% w/w); ¢) sodium
borohydride in ethanol at 38 °C; and d), potassium hydroxide in
water:THF (1:1). Each chemical compound is numbered for its
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(B) nondegradable negative control hydrogels. Nondegradable
hydrogels (negative control) were prepared by reacting maleimide end
functionalized PEG with the alkyl thiol end-functionalized four-arm
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ABSTRACT

Hydrogels are of growing interest for the delivery of therapeutics to specific
sites in the body. For localized drug delivery, hydrophilic polymeric precursors often
are laden with bioactive moieties and then directly injected to the site of interest for in
situ gel formation. The release of physically entrapped cargo is dictated by Fickian
diffusion, degradation of the drug carrier, or a combination of both. The goal of this
work was to design and characterize degradable hydrogel formulations that are
responsive to multiple biologically relevant stimuli for degradation-mediated delivery
of cargo molecules such as therapeutic proteins, growth factors, and
immunomodulatory agents.

We began by demonstrating the use of cleavable click linkages formed
by Michael-type addition reactions in conjunction with hydrolytically cleavable
functionalities for the degradation of injectable hydrogels by endogenous stimuli for
controlled protein release. Specifically, the reaction between maleimides and thiols
was utilized for hydrogel formation, where thiol selection dictates the degradability of
the resulting linkage under thiol-rich reducing conditions. Relevant
microenvironments where degradation would occur in vivo include those rich in
glutathione (GSH), a tripeptide that is found at elevated concentrations in carcinoma
tissues. Degradation of the hydrogels was monitored with rheometry and volumetric
swelling measurements. Arylthiol-based thioether succinimide linkages underwent
degradation via click cleavage and thiol exchange reaction in the presence of GSH and

via ester hydrolysis, whereas alkylthiol-based thioether succinimide linkages only
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undergo degradation by only ester hydrolysis. The resulting control over the
degradation rate within a reducing microenvironment resulted in ~2.5 fold differences
in the release profile of the model protein, a fluorescently-labeled bovine serum
albumin, from dually degradable hydrogels compared to non-degradable hydrogels,
where the thiol exchange reaction facilitated rapid and responsive protein release in
the presence of GSH.

A photolabile o-nitrobenzyl ether group (o-NB) was subsequently
incorporated within the PEG-based, gel-forming monomers to demonstrate cargo
release triggered by exogenous stimuli for patient-specific therapies. Upon the
application of cytocompatible doses of light, the photolabile 0o-NB linkage underwent
irreversible cleavage yielding ketone and carboxylic acid-based cleavage products.
Hydrogel degradation kinetics was characterized in response to externally applied
cytocompatible light or GSH in aqueous microenvironments. By incorporating a
photodegradable o-nitrobenzyl ether group, a thiol-sensitive succinimide thioether
linkage, and ester linkages within the hydrogels, we demonstrated unique control over
degradation via surface erosion or bulk degradation mechanisms, respectively, with
degradation rate constants ranging from ~10—1 min—1 to ~10—4 min—1. As a proof of
concept, the controlled release of nanobeads from the hydrogel was demonstrated in a
preprogrammed and stimuli-responsive fashion.

The multimodal degradable hydrogels were then investigated for the
local controlled release of small molecular weight proteins, which are of interest for
regulating various cellular functions and fates in vivo. Low molecular weight heparin,
a highly sulfated polysaccharide was incorporated within the hydrogel network by

Michael-type reaction due to its affinity with biologics such as growth factors and
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immunomodulatory proteins. Incorporation of reduction-sensitive linkages resulted in
~2.3 fold differences in the release profile of fibroblast growth factor-2 (FGF-2) in the
presence of GSH compared to non-reducing microenvironment. Bioactivity of
released FGF-2 was comparable to pristine FGF-2, indicating the ability of the
hydrogel to retain bioactivity of cargo molecules during encapsulation and release.
Further, preliminary in vivo studies demonstrated control over hydrogel degradation
by varying % degradable contents. Collectively, this research developed injectable
hydrogels that are responsive to various endogenous and exogenous stimuli,

establishing a platform for stimuli-responsive drug delivery carriers.
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Chapter 1

DESIGNING DEGRADABLE HYDROGELS FOR THERAPEUTIC
DELIVERY

1.1 Introduction

Significant advancements have been made in the last decade to develop new
therapeutics with the potential to improve the treatment of a variety of diseases, from
small molecular weight hydrophilic and hydrophobic drugs to larger peptides and
biologics (e.g., therapeutic proteins and antibodies). In particular, biologics have been
a major area of growth for the pharmaceutical industry with the worldwide sales of
biologics exceeding $92 billion in 2009." Despite this increasing demand, costs of
drug development and production remain high.*” Delivery of therapeutics at a
controlled rate to a targeted site affords opportunities to both improve treatment
efficacy and reduce total treatment costs. However, successful development of drug
carriers with appropriate therapeutic retention and release characteristics for clinical
use remains a challenge and an area of active research. Tremendous progress has been

. . . . . . 4-5 . 6-8
made in the design of novel drug carriers, including liposomes, ™ nanoparticles,
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. . . 14-15
dendrimers, ©°, microparticles,
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polymersomes,””! and hydrogels,
improved efficacy, prolonged drug action in vivo, reduced drug toxicity, and decreased
drug-associated costs. Among these drug carriers, hydrogels have emerged as
promising delivery vehicles, especially for biologics, owing to their high cargo loading

efficiency and their ability to retain cargo bioactivity."®



Hydrogels, or hydrophilic polymer networks that imbibe and retain large
amounts of water, have been fabricated for controlled release applications using a
range of natural and synthetic polymers as their base building blocks. Due to their
inherent biocompatibility and bioactivity, natural polymers, such as hyaluronic acid,"
chitosan,*® heparin,*' silk,** and alginate,” often provide synergistic interactions with
cargo molecules and with cells in vivo. On the other hand, synthetic biocompatible
polymers, including poly(ethylene glycol) (PEG) and poly(vinyl alcohol) (PVA),
generally offer greater flexibility for chemical modification, improved tunability over
mechanical properties, facile incorporation of degradable functional groups, and
limited batch-to-batch variation.'® Control over the formation of these hydrogels is
essential for delivery applications since the connectivity (e.g., crosslink density) and
mechanical properties of the network dictate mass transport and therapeutic release.
For example, increasing the crosslink density decreases the distance between
crosslinks in the hydrogel (i.e., mesh size), often resulting in a decreased initial burst
of cargo.”**

Hydrogels have been formed by i) physical crosslinking (i.e., non-covalent
interactions), including ionic, electrostatic, or hydrophobic interactions between the
polymeric macromers, or ii) chemical crosslinking by reactive functional groups to
form covalent linkages.”® Physically crosslinked hydrogels offer advantages for
injectable formulations, including dynamic crosslinks for gel dissolution and
therapeutic release, shear thinning for injection, and in sifu formation without initiators
or catalysts.”” However, covalently crosslinked hydrogels provide better control over
crosslink density and allow easier incorporation of labile functional groups for stimuli-

responsive degradability of and release from the delivery vehicle.”® Amongst covalent



crosslinking chemistries, click reactions, including copper-free azide—alkyne
cycloadditions, Diels-Alder, thiol-ene, and oxime reactions, are attractive for
therapeutic delivery applications due to their fast reaction kinetics under mild
conditions, permitting rapid formation in situ in the presence of cargo molecules and
tissues.”® >~

In this chapter, we aim to provide a comprehensive survey of hydrogels and to
overview seminal and recent works utilizing these chemistries that are degradable,
orthogonal, or both to permit controlled release for therapeutic cargo molecules.
Providing criteria and context for controlling properties in the presence of biologics,
we will summarize (i) natural and synthetic polymers that are commonly employed as
the hydrogel base (ii) reactive functional groups for hydrogel formation, and (7ii)
degradable moieties for temporal evolution of physical or biochemical properties. We

subsequently overview how chemically crosslinked hydrogels have been used for

delivery of small molecular weight drugs, therapeutic peptides, and proteins.

1.2 Design Criteria

Hydrogels that permit orthogonal control of multiple properties in the cell
microenvironment must meet a number of biological and physical design criteria that
are dictated by the intended application (Fig. 1.1). For example, hydrogels for three-
dimensional (3D) cell culture or delivery must be crosslinked in presence of cells
while maintaining cell viability; additionally, they need to mimic critical aspects of the
natural ECM, such as mechanical support and degradation, to enable appropriate and
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desired cellular functions, such as proliferation and protein secretion. In this

section, we will address these challenges and provide perspective on key design



criteria for producing cell-compatible hydrogels with properties that can be

orthogonally controlled both in space and in time.

Practical considerations Target microenvironment

* Sterilization * Mimicking the dynamic nature of the
* Process scale-up extracellular matrix

* FDAapproval * Incorporation of biochemical and

biophysical cues to modulate cell behavior

Degradability

* Biodegradation or externally - / Crosslinking in presence of
triggered degradation cells

* Biocompatible degradation Crosslinking reaction must
byproducts have limited effect on cell

« Control of over degradation kinetics viability or protein bioefficacy

Mechanical properties Biocompatibility

* Tuning using polymer concentration, *  Should not'have toxic or
mesh size, porosity and crosslinking undesirable effects
density Mass transport ¢ Removal of toxic small

* Effect of swelling Continuous exchange of nutrients, molecules is critical

proteins, gases, and waste products
into, out of and within the hydrogel

Figure 1.1 Design considerations. The design of hydrogels for orthogonal property
control in cellular microenvironments is dictated by the biocompatibility,
crosslinking in presence of cells or proteins, mechanical properties,
degradability, mass transport properties, and target microenvironment.

1.2.1 Biocompatibility

Biocompatibility is the first, and perhaps the most critical, parameter when
considering the application of hydrogels in the cellular microenvironment.
Biocompatibility is defined as the ability of a biomaterial to perform its desired
function without eliciting any undesirable local or systemic side effects.*® The
hydrogel must be immunocompatible and not elicit a significant inflammatory
response for use within in vivo microenvironments. Various naturally derived
polymers (e.g., polysaccharides such as hyaluronic acid) and a few synthetic polymers

(e.g., polyethylene glycol) have demonstrated adequate biocompatibility. Removal of



small molecules used or generated during hydrogel fabrication (such as unreacted
monomer, initiator, and crosslinkers) is essential to consider during material design, as
such molecules can be toxic to host cells both in vivo and in vitro. For example,
unreacted maleimides, which are widely used in Michael-type addition reactions, are
highly potent neurotoxins;> similarly, photoinitiators, such as 2,2-dimethoxy-2-
phenyl-acetophenone used frequently in free-radical polymerization, can be
cytotoxic.*®

In addition, the hydrogel or its base components need to be simple to sterilize
and should not undergo any significant functional changes during sterilization.
Further, hydrogels for implantation also need to meet appropriate regulatory body (i.e.,
FDA, EPA) guidelines. Synthetic polymers, such as PEG, PLGA, and PLA, and
natural polymers, such as alginate, collagen and fibrin, have been approved for
specific clinical applications by the FDA. Kim and Wright recently investigated use of
FDA-approved DuraSeal™, a PEG based hydrogel used as a sealant for human spinal
fluid leaks.”” In a clinical trial with a total of 158 patients, it was found that
DuraSeal™ spinal sealant had a significantly higher rate of intraoperative watertight
dural closure (100%) compared to the control (i.e., treated with traditional methods,
65%). In addition, no significant statistical differences were seen in postoperative
infection and healing between PEG hydrogel and the control group. Overall, the PEG
hydrogel spinal sealant system was found to be an efficient and safe adjunct to
suturing for watertight dural repair. Such biocompatible and clinically tested hydrogels
(i.e., DuraSeal™, Evolence®, TachoSil™, Tisseel Artiss™, Tegagel™), which are
commercially available, cost effective, easy to use and have a stable shelf life (ranging

from 6 months to 36 months) along with well defined in vivo stability, hold potential



for bioengineering applications, such as wound healing, tissue engineering, 3D cell

. 38
culture and vascular surgeries.

1.2.2 Mild Crosslinking Reactions

The ability to form hydrogels in the presence of cells and cargo molecules is
critical for creating three-dimensional, controlled microenvironments in vitro and
offers several advantages in vivo, including the ability to mold the gel to the shape of
the defect site and delivery in a minimally invasive way. The chemical transformations
involved in hydrogel formation, however, can be damaging to cells, and such effects
must be considered for both in vitro and in vivo microenvironments. For example, free
radicals can cause damage to cell membranes or detrimental loss of the pericellular
matrix during cell isolation and encapsulation.”’*" Sudden localized changes in
temperature, pH, and free radicals during gelation also can affect the activity of cargo
molecules (e.g., oxidation of protein) or cell function or viability.*' However, the
incorporation of cells in pre-formed hydrogels is often restricted, since the average
mesh size of most hydrogels is much smaller than a cell’s diameter; consequently,
cells often are introduced within liquid hydrogel precursor solutions.** By selecting an
appropriate gelation mechanism, cells can be encapsulated in hydrogels without

significantly altering their viability or activity.*™*

Different chemistries for hydrogel
formation in the presence of cells and their cytocompatibility will be discussed in

detail.

1.2.3 Mechanical Properties
The success of cell-compatible hydrogels in a given bioengineering application

is usually coupled with achieving appropriate mechanical properties. For example,



tissue formation can depend on the mechanical properties of the hydrogel scaffold
(e.g., load bearing capability until cells have produced their own functional ECM);**
in cell-encapsulation applications, control of the mechanical properties of the hydrogel
can determine the therapeutic efficacy of the transplanted cells.* It is well accepted
that these effects are the result of the mechanical properties of the hydrogel substrate
influencing cellular responses, including cell migration, proliferation, and
differentiation; for example, the seminal work of Discher and coworkers demonstrated
that stem cell lineage specification depends on optimal outside-in signaling of

#-30 Polymer concentration, the stoichiometry of reactive

hydrogel matrix elasticity.
groups, and crosslinking density are all commonly used to tune the mechanical
properties of cell-compatible hydrogels and accordingly to control the cellular

. . 51-53
microenvironment.

1.2.4 Controlled Degradation

Cell-compatible hydrogels can be designed to degrade via ester hydrolysis,
enzymatic hydrolysis, photolytic cleavage or a combination of these mechanisms with
varying degrees of control and desired degradation rates depending on the application.
In tissue engineering applications, degradation provides space for proliferating cells

and allows infiltration of blood vessels.’*>°

In controlled 3D cell culture applications,
degradation can enable cell proliferation, migration, and synthetic matrix remodeling
to better mimic the native ECM and understand in vivo cell behaviors.” In controlled
drug and gene delivery applications, degradation permits spatiotemporal control of the
release of cargo molecules.'® Release kinetics are dictated primarily by surface erosion

or bulk degradation rates when the hydrogel mesh size is smaller than the

hydrodynamic radius of the cargo molecule, and by diffusion when mesh size is larger



than the hydrodynamic radius of cargo molecule. For example, Hennink and
coworkers demonstrated zero-order release of entrapped proteins from B-cyclodextrin
and cholesterol-derivatized PEG hydrogels,”’ in which the protein release was
controlled by surface erosion and dissolution. Ideally, degradation kinetics are well
controlled and stable, and the generated byproducts from degradation are
biocompatible without eliciting any potential side effects, such as cytotoxicity,
inflammation, or immunological or foreign body responses. An optimum balance
between degradability and mechanical properties, such as elastic modulus and matrix
integrity, is vital to ensure the proper functionality of the hydrogel within the desired

timespan.

1.2.5 Mass Transport

Appropriate mass transport properties, matching those of native tissues, are
essential for many bioengineering applications. In tissue engineering and cell
encapsulation, continuous exchange of nutrients, proteins, gases (i.e., O, and CO;) and
waste products into, out of, or within the hydrogel is vital for survival and
proliferation of encapsulated cells. For controlled delivery of bioactive cargo (i.e.,
therapeutics, proteins) where initial burst is undesirable, restricted free diffusion is
essential. Hydrogel matrix permeability is thus an important design parameter, given
that mass transport in these materials is controlled primarily by diffusion. The
permeability of the scaffold is also correlated with the mechanical properties of the
hydrogel network and its swelling properties, and as expected, variation in the

58-60

permeability is a widely employed strategy for controlling cargo release. For a

comprehensive review of the mass transport and diffusivity of bioactive molecules



32, 61

through hydrogel, readers are referred to reviews by Peppas and coworkers, and

Lin and Metters.%

1.3 Drug Release Mechanism

Strategies for incorporation of therapeutics into hydrogels generally fall into
three categories: (1) encapsulation, where therapeutics are entrapped within the
crosslinks of the polymer network (Fig. 1.2 A); (2) tethering, where drugs of interest
are covalently bound to the polymer network (Fig. 1.2 B); and (3) affinity binding,
where hydrophobic, ionic, or peptide interactions are utilized to retain therapeutics
within the hydrogel network ® (Fig. 1.2 C). To design effective drug delivery
vehicles, these strategies are combined with appropriate release mechanisms to suit the
application of interest; several examples are shown in the right hand column of Fig.
1.2. The release of therapeutics entrapped within or tethered to the matrix can be
controlled by i) Fickian diffusion, ii) degradation of tethered linkages in response to
relevant biological stimuli, or iii) combinations of both. With affinity binding, a ligand
is added to the hydrogel with affinity for therapeutic(s) of interest. In this way, release
is controlled by the reversible binding of the ligand to the therapeutic in combination
with diffusion of the free species or matrix degradation. The binding kinetics between
bound and free therapeutic often are described by association and dissociation
constants indicating how quickly binding and dissociation occur (kon and kogr,

respectively).*
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Figure 1.2 Therapeutic loading and release mechanisms from hydrogel-based
delivery vehicles. Hydrogels can be formed in vitro or in vivo for
therapeutic delivery applications. Stoichiometric reaction between
functional groups on multiarm poly(ethylene glycol) (PEG) macromers
functionalized with specific alkenes or thiols, respectively, has been
reported, producing thiol-ene hydrogels with nearly ideal network
structure (shown here); these are of growing interest for delivery
applications toward providing a well defined and predictable mesh size.
However, macromolecules of varied length and functionality, both of
synthetic and natural origin and decorated with various alkenes or thiols.
Engineering of material structure and chemistry provide handles for
controlling release profiles. (A) For example, therapeutics frequently
have been encapsulated within the hydrogel network, where the cargo is
entrapped if the average pore size (e.g., mesh size) of the hydrogel is
smaller than the drug; degradation of the network, which increases mesh
size, controls release. (B) Small molecule drugs or peptides, which can be
difficult to entrap within hydrophilic highly-swollen hydrogels, have
been tethered to the network and released upon tether cleavage (or
complete network degradation); here, cleavage by a cell-secreted enzyme
is depicted. (C) Ligands for a therapeutic of interest also have been
incorporated within hydrogels for controlling retention and release by
affinity binding; reversible binding of the ligand dictated by kon/Kosr
determines the fraction of bound/free therapeutic, where diffusion of the
free species (or matrix degradation) controls release. These therapeutic
loading and release mechanisms can be used in different combinations
than those depicted here and have been used in hydrogels for drug
delivery applications.

1.4 Materials for Hydrogel Preparation

Cell-compatible hydrogels have been prepared using a variety of polymeric
materials, which can be divided broadly into two categories according to their origin:
natural or synthetic.’' Natural polymers such as polysaccharides serve as ideal
building blocks for preparing hydrogels that can mimic aspects of the structural and
biological properties of the cellular microenvironment. For instance, proteoglycans are
one of the vital components of articular cartilage, and use of glycosaminoglycan

(GAG) hydrogels, such as those based on hyaluronic acid or chitosan, as a scaffold
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can be useful for cartilage tissue engineering.® Moreover, as shown in Table 1.1, the
mechanical properties, water content, and inherent chain flexibility of polysaccharide-
based hydrogels help to mimic the natural ECM. In addition, such polymers can be
degraded by naturally occurring cell-secreted enzymes in the cellular
microenvironment, mimicking the dynamic nature of the ECM. Further, the specific
cell-surface receptors for polysaccharides are known and have been extensively
studied. For example, in the case of hyaluronic acid (HA), a non-sulfated
glycosaminoglycan found in the ECM, both cluster of differentiation (CD) 44 and the
receptor for hyaluronan-mediated motility (RHAMM) are known to enable cell
adhesion and proliferation on HA.®® However, limited tunability of degradation
kinetics, relatively poor mechanical properties, batch-to-batch variations from
manufacturers, or potential immunogenic reactions can restrict the application of
natural polymer based hydrogels.®” Synthetic polymers afford tunable mechanical
properties and a large scope of chemical modification, including the introduction of
degradable or biochemical moieties. Commercial availability, coupled with great
flexibility in the working range of pH, ionic strength, and chemical conditions, make
synthetic polymers excellent candidates for hydrogel preparation. However, purely
synthetic materials often exhibit inferior biocompatibility and biodegradability in
comparison to naturally derived materials, which may limit their use in applications
where targeted and specific biological activity is desired. Hence, many combinations
of natural and synthetic polymers have been studied for developing hydrogels with
orthogonal property control in the cellular microenvironment. In this section, we will
limit the discussion to several widely used natural and synthetic polymer building

blocks used in controlled microenvironments.

12



Table 1.1 Selecting materials for hydrogel preparation. Comparison of natural and
synthetic polymers typically used for preparation of cell compatible
hydrogels.

— o e
Bioactivity (i.e. cell specific receptor) Possible Limited
Inherent biodegradability vv v
Tunability of degradation kinetics 4 vv
Degradation byproducts Biocompatible Eg;?;;?uy
Flexibility for chemical modification v vv
ilrz)::;tl}l:)ty of working range (i.e. pH and ionic v Y,
Tuning of mechanical properties 4 vv
Commercial availability v vv

Batch to batch variations Likely Controlled

1.4.1 Hydrogels from Natural Polymers

1.4.1.1 Hyaluronic Acid

Hyaluronate or HA is a non-sulfated GAG in the ECM that is distributed
throughout connective, epithelial, and neural tissues. This GAG is composed of
alternating disaccharide units of D-glucuronic acid and N-acetyl-D-glucosamine
linked together with B-1,4 and B-1,3 glycosidic bonds (Fig. 1.3).°® HA is inherently
biocompatible and non-immunogenic and degrades in the presence of hyaluronidase as
well as in the presence of reactive oxygen species. HA is a critical component of the

ECM and plays an important role in various biological processes, including wound
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healing, angiogenesis, and activation of various signaling pathways that direct cell

adhesion, cytoskeletal rearrangement, migration, proliferation, and differentiation.'”

' Although concerns over batch-to-batch variation and the possibility of
contamination with endotoxins and pathogenic factors persist, recent developments in
recombinant technology have significantly improved the quality of commercially-
available HA.”" However, the rapid degradation of HA in the presence of
hyaluronidase can hinder its usefulness in certain applications. For example,
approximately one-third of the typical fifteen grams of HA found in a human is
degraded and re-synthesized daily.”* Limited control over HA degradation kinetics
(i.e., rapid degradation) can lead to precipitate changes in mechanical properties, such
as hydrogel stiffness, which may be undesirable in certain bioengineering applications.

HA can be modified with thiols, haloacetates, dihydrazides, aldehydes, or

carbodiimide functional groups to allow crosslinking into hydrogels.”” HA-based

hydrogels have shown excellent potential for biomedical engineering applications,

80 81-84

. . . 6-78 . 9- .
such as tissue engineering,’”® valve regeneration,””™ controlled delivery, and

8386 For example, Jia and coworkers synthesized HA-

controlling stem cell behavior.
and heparin-based spherical hydrogel particles with an inverse emulsion
polymerization, creating inherently bioactive delivery vehicles (due to inductive role
of HA in chondrogenesis) for controlled growth factor (BMP-2) release.®’
Additionally, Elia et al. used HA-based degradable hydrogels embedded within
electrospun silk for sustained release of encapsulated cargo molecules (anti-
inflammatory steroid drugs and proteins) over 45 to 400 minutes.** Such approaches

that utilize simple fabrication techniques and tuning of release kinetics make HA

hydrogels attractive candidates for tissue regeneration and sustained therapeutic
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delivery. For a comprehensive overview of HA hydrogels, readers are referred to

recent reviews by Burdick and Prestwich” and by Jia and coworkers®®.
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Figure 1.3 Range of natural and synthetic polymer building blocks. Molecular
structures of typical polymer repeat units used for preparation of cell
compatible hydrogels: (A) hyaluronic acid, (B) chitosan, (C) heparin, (D)
alginate, (E) linear poly(ethylene glycol) (PEG), (F) four-arm PEG, (G)
poly(ethylene glycol)-b-poly(propylene oxide)-b-poly(ethylene glycol)
(PEG-PPO-PEG), (H) poly(lactic acid-co-glycolic acid)-b-poly(ethylene
glycol)-b-poly(lactic acid-co-glycolic acid) (PLGA-PEG-PLGA), and (I)
poly(vinyl alcohol).
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1.4.1.2 Chitosan

Chitosan, the deacetylated derivative of chitin, is a linear polycationic
polysaccharide composed of randomly distributed B-(1-4)-linked D-glucosamine and
N-acetyl-D-glucosamine (Fig. 1.3). The structural units of chitosan are similar to those
of GAGs of the ECM.* It can be degraded by various mechanisms, including surface
erosion, enzymatic degradation through chitosanase and lysozyme, and dissolution.”
By using appropriate crosslinking chemistries and densities, the degradation kinetics
can be tuned. The inherent properties of chitosan, such as excellent cytocompatibility,
biodegradation, minimal foreign body response, and antimicrobial properties, make
chitosan-based hydrogels attractive candidates for engineering applications, including
wound-healing, bioactive molecule delivery and soft tissue engineering.

The large number of accessible hydroxyl and amine groups in chitosan provide
numerous possibilities to create hydrogels via chemical crosslinking.”' These
functional groups can react with many bifunctional small molecule crosslinkers, such
as glutaraldehyde, formaldehyde, genepin, diethyl squarate and diacrylate, to form
chemically crosslinked hydrogels.”’ In addition, incorporation of new functionalities
along backbone chain (i.e., those susceptible to the Schiff base reaction, disulfide
bonding or Michael-type additions) can be used for in situ gel formation. Chitosan-

20, 92

based hydrogels can be used for the controlled delivery of drugs, proteins,”” and

93-94

growth factors” as well as the encapsulation of living cells, the controlled

95-96 97-100

differentiation of stem cells, and applications in tissue engineering. For
example, Bellamkonda and coworkers recently reported chitosan-based
photocrosslinkable, degradable hydrogels for neural tissue engineering application '
Chitosan was functionalized with amino-ethyl methacrylate for network formation via

photoinitiated radical polymerization. The cytocompatible hydrogel enhanced
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differentiation of primary cortical neurons by ~30% and enhanced dorsal root ganglia
neurite extension by about two-fold in 3D in vitro studies, as compared to an agarose-
based hydrogel control. In principle, such hydrogels additionally can be used to
control cell behavior and lineage specific differentiation by incorporation of growth
factors since the gel formation chemistry does not alter the active end groups on

chitosan, which allow bioactive molecule binding.

1.4.1.3 Heparin

Heparin is a heterogeneous GAG, consisting of o-L-iduronic acid, B-D-
glucuronic acid, and a-D-glucosamine residues (Fig. 1.3). Heparin has the highest
negative charge density of any known biological macromolecule giving rise to ionic
interactions with bioactive molecules such as proteins, growth factors, and
cytokines.'”''* Such noncovalent interactions of heparin in many cases serve not only
to sequester the proteins, but also to control their biological activity (e.g., enhancing
cell receptor affinity).'”" Heparin and heparan sulfate mediate number of biological
interactions, such as cell adhesion, cell proliferation, or cell surface binding of lipase
and other proteins that are critical in developmental processes, blood coagulation,
angiogenesis, viral invasion, and tumor metastasis.'”> Moreover, heparin and heparan
sulfate protect proteins from degradation, regulate protein transport through basement
membranes, and mediate internalization of proteins.'” However, potential adverse
effects of heparin, an potent anticoagulant include bleeding, thrombocytopenia,
osteoporosis, alopecia, and priapism, and are related to this wide variety of biological
activities.'”'"” Such undesirable effects may limit the use of heparin in certain in vivo

applications.
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Physically and chemically crosslinked heparin-based hydrogels have been

108-111 112-115

employed for the investigation of cell function and fate, cell encapsulation,

51, 116-118

and controlled bioactive molecule delivery. For instance, Kiick and coworkers

used heparin-based hydrogels to modulate cell response in a 2D in vitro experiment.'”®
To modulate cell adhesion and response, hydrogels with different moduli were
prepared using the Michael addition reaction between combinations of maleimide-
functionalized heparin, thiol functionalized PEG and maleimide functionalized PEG.
Such systems, with the ability to tune biochemical and mechanical properties, make
heparin based hydrogels promising candidates for controlling adventitial fibroblast
remodeling of blood vessels. In another example, Tae and coworkers took advantage
of heparin-based hydrogels to stably bind fibrinogen and collagen type I on a hydrogel
surface using heparin binding affinity by physisorption.''’ The hydrogels were
prepared by a Michael-type addition reaction using thiolated heparin and PEG
diacrylate. The significant physisorption of proteins on the heparin hydrogel, as
compared to a control PEG hydrogel, led to enhanced fibroblast adhesion and
proliferation. Such approaches can be used to adhere cells on selective heparin
hydrogel surfaces for applications such as biosensors, cell culture, and tissue
engineering. Additionally, Werner and coworkers recently reported use of heparin-
based hydrogels for cell replacement therapies in the neurodegenerative diseases.'"
By tuning the mechanical and biological properties of the PEG-heparin hydrogels,
neural stem cell differentiation and axo-dendritic outgrowth were modulated. In vivo
stability and excellent histocompatibility make such hydrogel systems attractive

candidates for neuronal cell replacement therapies. For a comprehensive overview of
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heparin hydrogels, readers are referred to a recent book chapter by McGann and

Kiick.'!

1.4.1.4 Alginate

Alginate is a hydrophilic, cationic polysaccharide consisting of (1-4)-linked (-
D-mannuronate (M) and its C-5 epimer a-L-guluronate (G) residues (Fig. 1.3). It is
obtained from brown algae, and depending upon the algae source, it may consist of
blocks of similar or strictly alternating residues. Alginate-based hydrogels are
biocompatible and undergo physical gelation in the presence of divalent cations.
Despite these advantages, the uncontrolled degradation of physically crosslinked
alginate hydrogels upon the loss of divalent cations can hinder their stability. Covalent
crosslinking with various crosslinkers, such as adipic acid dihydrazide and lysine, can
be employed to overcome this uncontrolled degradation. A lack of cell-specific
interactions, however, can limit the use of alginate hydrogels in bioengineering
applications; an attractive approach to induce bioactivity for cell culture is by covalent
incorporation of bioactive ligands such as RGD-containing peptides. An additional
challenge for alginate hydrogels in vivo is that the alginate macromolecule itself is
difficult to break down under physiological conditions, and the molecular weight of
released alginate strands is typically above the renal clearance threshold.'''*
However, partially oxidized alginate, which undergoes biodegradation, can be utilized
to overcome these limitations.'*'

122-124

Alginate-based hydrogels have been used for in drug delivery, tissue

125-127 128-130 131-132

engineering, wound healing, cell encapsulation, and as adhesion
barriers."”” For instance, recently Kim et al. employed alginate-based hydrogels for

delivering differentiated adipogenic cells for adipose tissue engineering.'”’ Oxidized
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alginate (susceptible to hydrolysis) was coupled with an adhesion peptide and
crosslinked with calcium sulfate to encapsulate cells in vivo. The injected cell-laden
hydrogels led to the formation of soft, semitransparent adipose tissue after 10 weeks in
male nude mice highlighting the ability of degradable alginate hydrogels to deliver

cells and generate living tissue via a minimally invasive injection.

1.4.1.5 Other Natural Polymers

Discussion of natural polymers for hydrogel preparation in this section mainly
has been limited to HA, chitosan, heparin, alginate, and fibrin, owing to scope of the
article. However, other natural polymers, such as collagen, gelatin, chondroitin sulfate,
agarose, carrageenan, dextran, and silk, have been utilized for variety of
bioengineering applications, including cartilage, neural, spinal cord, skin and vocal
cord tissue engineering as well as therapeutic and controlled delivery. Readers are
directed to recent reviews by Slaughter el al.’* for collagen based hydrogels,
Vlierberghe et al."** for collagen, gelatin, and chondroitin sulfate based hydrogels,
Perale et al.'* for alginate and collagen based hydrogels, and Kaplan and

coworkers'*®"*” for silk based hydrogels.

1.4.2 Hydrogels from Synthetic Polymers

1.4.2.1 Poly(ethylene glycol)

Poly(ethylene glycol) (PEG), also known as poly(ethylene oxide)
(PEO) or poly(oxyethylene) (POE) depending upon the molecular weight of the
polymer, is the hydrophilic non-degradable polymer of ethylene oxide (Fig. 1.3). It

lacks any protein binding sites, and due to its hydrophilic and uncharged structure, it
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forms highly hydrated layers that restrict protein adsorption.” The excellent

biocompatibility and low toxicity of PEG-based hydrogels make them ideal candidates
for various biomedical applications, and PEG-containing formulations have been

approved by the FDA for several medical applications, including use as laxatives,

solvents in liquid formulations, conjugates to therapeutic proteins, and lubricants.'*

1" Acute, short and long-term toxicology of PEG with oral, intraperitoneal and
intravenous administration routes have been thoroughly reviewed.'*'* Low
molecular weight PEGs (M,, <1 kDa) can be oxidized in vivo into toxic diacids and
hydroxyl acid metabolites,'** but high molecular weight PEGs (M,, >5 kDa) show
little or no metabolism.'**

PEG macromolecules can be functionalized easily via its hydroxyl end groups

to yield numerous homofunctional or heterofunctional terminal groups, including

145 147 148-149 150

thiols, vinyl sulfones,'*® maleimides,”" acrylates allyls, and
y ry y

151-152

norbornenes. The PEG hydrogels have been widely used as blank slates for the

153-156

presentation of biophysical and biochemical cues in tissue engineering, cell

157-159 160-162

encapsulation, controlled stem cell differentiation, and bioactive molecule

: e 154, 163165
delivery applications. ™

For a comprehensive overview of PEG hydrogels,
readers are referred to recent reviews by Lin and Anseth'® for controlled delivery
applications and by Papavasiliou et al.'® for tissue engineering applications.

A large number of PEG copolymers have been utilized for drug delivery, such
as non-biodegradable triblocks of PEG and polypropylene oxide (PPO) (PEG-b-PPO-
b-PEG, Pluronics™) and hydrolytically degradable block polymers of PEG, polylactic
acid (PLA), and polylactic acid-co-glycolic acid (PLGA), as shown in Fig. 3G. For

example, H. Chang et al. investigated the effect on an active form of an antitumor
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drug, topotecan (TPT), which was encapsulated in an amphiphilic PEGA-PEG-PLGA
hydrogel matrix for controlled release.'®” Due to the increased pK, of the carboxylate
groups as a result of the hydrophobic interactions between the amphiphilic polymer
matrix and TPT, the active form content of TPT was increased by about 40%, as
compared to free TPT in PBS solution under physiological conditions. Further, the

release was sustained for 5 days with only a mild initial burst release.

1.4.2.2 Poly(vinyl alcohol)

Poly(vinyl alcohol) (PVA), as shown in Fig. 1.3, is commercially obtained by
partial or complete hydrolysis of poly(vinyl acetate). The extent of hydrolysis and the
molecular weight of the macromolecule can be used to tune its hydrophilicity and
solubility, and the pendant hydroxyl groups can act as biomolecule attachment sites.
Due to its low protein adsorption and excellent biocompatibility, PVA has been used
in soft contact lenses, eye drops, tissue adhesion barriers, and cartilage replacement

applications.'®® For a comprehensive overview of PVA hydrogels in biomaterial

168 169
1. 1.

applications, readers are referred to recent reviews by Baker et al.”™ and Alves et a

PV A-based hydrogels can be formed by chemical crosslinking using various

0171 radical polymerization,' '™ and Schiff

chemistries, such as click chemistry,
base reaction.'””'’® The hydrogels also can be formed by physical crosslinking via
methods such as cryogenic gelation and hydrogen bonding,'””'” and PVA hydrogels
formed via these methods have been successfully used for tissue engineering and

178, 180-182 por instance, Samal et al. prepared hybrid

regenerative medicine applications.
hydrogels consisting of PVA, chitosan, and multiwalled carbon nanotubes (MWCNT)
by the physical freeze-drying method.'”® The incorporation of MWCNT improved the

mechanical strength, structural coherence, and electrical conductivity of the hydrogel
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matrix and could influence cell behavior due to biophysical and electrostimulating
cues. The hydrogel matrix showed excellent biocompatibility while retaining the
inherent properties of PVA, chitosan, and MWCNT, indicating its potential for

biomedical applications.

1.4.2.3 Other Synthetic Polymers

Poly(hydroxyethyl) methacrylate (PHEMA), a hydrophilic, water-stable
polymer, was the base material for one of the first hydrogels to be successfully used
for ophthalmic applications (e.g., contact lenses).'™ While PHEMA hydrogels are
stable under physiological conditions, their controlled degradation can be achieved by
incorporation of hydrolytically or enzymatically cleavable linkages, such as

18185 and collagenase-cleavable peptide sequences'®*'®’. Another

polycaprolactone,
poly(acrylate) derivative, poly(N-isopropylacrylamide) (PNIPAAmMm), a
thermoresponsive polymer with lower critical solution temperature (LCST) of
approximately 32 °C, has been utilized for preparing responsive hydrogels for tissue

188-190

engineering and drug delivery applications. For a comprehensive review of

strategies to improve the thermosensitivity of PNIPAAm hydrogels, readers are
referred to a review by Zhang et al."”!

Polyphosphazene, an organometallic polymer with a phosphorous-nitrogen
backbone and organic side groups, can degrade under physiological conditions into
nontoxic molecules, such as H;PO4 and NH4". The inorganic backbone undergoes
hydrolytic degradation, where the rate of degradation is dictated by the side chain

192
structures.

Polyphosphazene hydrogels can be prepared via physical crosslinking
(i.e., ionic interaction using divalent ions), or chemical crosslinking via glucosyl or

glyceryl side groups.'” Readers are referred to a recent review by Allcock for a
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comprehensive review of polyphosphazene;'** but we note here that polyphosphazene
based hydrogels have been used for bioactive molecule delivery and drug delivery.'**
196

Polyesters, such as PLA, polyglycolic acid (PGA), and polycaprolactone
(PCL), also have been used for the preparation of cell-compatible hydrogels.
Polyester-based polymers offer inherent biodegradability due to ester hydrolysis under
physiological conditions. Thus, using combinations of polyesters with other synthetic
or natural polymers, the rate of hydrogel degradation can be tuned as per application
requirements. For a comprehensive overview of polyester-based hydrogels, readers are

: 19
referred to a review by Tomas and coworkers.'”’
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Figure 1.4 Chemical functional groups for hydrogel formation. A wide range of
functional groups is available for either hydrogel formation or
modification post-polymerization. Functional group selection depends on
several factors related to the application of interest, including the desired
initiation mechanism, the specificity, and speed of the reaction, and the
stability of the resulting bond under various solution conditions.

1.5 Material Functionalization for Hydrogel Formation

The stable crosslinking of hydrogels is essential to prevent uncontrolled
dissolution of macromolecular chains in aqueous cellular microenvironments.
Numerous chemical and physical crosslinking strategies have been utilized for the
preparation of cell-compatible hydrogels (Fig. 1.4). Chemical crosslinking strategies
covalently couple reactive functional groups for hydrogel formation using chain or
step growth reactions, including free radical chain polymerization, click reactions,
reactions of Schiff bases, and carbodiimide-mediated activation reactions. Physical
crosslinking strategies utilize non-covalent interactions between functional groups,
such as ionic interactions, electrostatic interactions, hydrogen bonding, crystallization,
hydrophobic interactions, and protein interactions.

The crosslink concentration, or density, dictates various physical properties of
hydrogels, including elasticity, diffusivity, water content, and mesh size. In addition,
the degree of crosslinking influences the hydrogel degradation rate, and hence, precise
control over hydrogel crosslinking is highly desirable. Further, for control of the
properties of the cell microenvironment, hydrogel formation in the presence of cells or
proteins is often required, and it is thus essential to choose a cytocompatible

crosslinking method for preparing these applications.
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1.5.1 Chemically Crosslinked Hydrogels

1.5.1.1 Radical Polymerization

Radical polymerization involves the formation of free radicals via
decomposition of an initiator by light, temperature, or redox reaction.'” The
successive reaction of multifunctional free radical building blocks leads to the
formation of a polymer network. Free radicals can be used to initiate hydrogel
formation by different polymerization mechanisms: chain growth, step growth, or
mixed mode (a combination of chain and step) polymerization.'”” Hydrogel formation
by free radical polymerization offers advantages such as well-characterized reaction
kinetics and facile in situ polymerization in presence of cells with spatiotemporal
control.””’ However, free radicals can be transferred to proteins, affecting their
bioactivity, or transferred to biomolecules present in the ECM, affecting cell

201 . . . .
These exothermic reactions also can cause a local increase in

viability.*"
temperature,”’> where temperature rise must be minimized to maintain cell viability
and function. Despite these challenges, free radical polymerization via chain growth
mechanisms is a well-established method for cell encapsulation; however, the
heterogeneous nature of the chain polymerization mechanism leads to a distribution of
polymer chain molecular weights and thus molecular-level inhomogeneity within the
network. Inhomogeneity in network can dramatically reduce the mechanical strength

2% The widespread use of free radical chain polymerization for hydrogel

of hydrogels.
formation partly arises from the availability of many hydrophilic meth(acrylate)-
functionalized building blocks. Historically, radical polymerization of hydroxyethyl
methacrylate (HEMA) using ethylene dimethacrylate (EDMA) as a crosslinker was

extensively studied for commercial-scale manufacturing of flexible contact lenses.'®
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A large number of macromolecules, such as HA,79’ 204-206 chitosan,l%’ 27 and PEG,207'
% are easily functionalized with vinyl end groups and can undergo radical
polymerization to form hydrogels in presence of appropriate initiators. For example,
Morelli and Chiellini functionalized Ulvan, a sulfated polysaccharide from green

seaweed, with methacryloyl group.””

The biocompatible hydrogel network was
formed via radical polymerization using UV irradiation in the presence of methacrylic
anhydride or glycidyl methacrylate.

A significant advantage of radical polymerization methods is that, when used
in conjunction with a photoinitiator, they can provide spatiotemporal control over

hydrogel formation and in situ properties.’® *'°

For instance, Guvendiren and Burdick
demonstrated short and long-term cellular response to a dynamic microenvironment
using methacrylated hyaluronic acid.*'® The methacrylated HA was crosslinked with a
dithiol via the Michael-type addition, creating a low modulus hydrogel, and
subsequently via free radical chain polymerization of the remaining methacrylates,
increasing the crosslink density and modulus of the hydrogel at time points of interest.
Human mesenchymal stem cells (hMSCs) that were cultured on these hydrogel
substrates spread from cell areas of ~500 to 3,000 um® and exhibited greater traction
over a timescale of hours during stiffening (with E increasing from 3 to 30 kPa). The
cell response to matrix stiffening was found to vary over 2 weeks in culture; an
increased population of terminally differentiating hMSCs was present over time and
was no longer responsive to variations in the mechanical properties of the hydrogel.
Alternatives such as controlled chain polymerization have been employed for

hydrogel preparation to provide more control of hydrogel properties;*'' "> however,

potential cytotoxicity of the unremoved metal catalysts employed during these

28



methods can restrict their use in the cell microenvironment. Free radical step growth
polymerization recently has emerged as an alternative hydrogel formation strategy that
provides a more homogeneous network structure and enables spatiotemporal control

4

of hydrogel formation;*'* recent developments in this area (e.g., thiol-ene click

reactions) will be discussed.

1.5.1.2 Click Chemistry

Click reactions, broadly defined, are a class of reactions that are fast, versatile,
regiospecific, and highly efficient.”* Click reactions usually yield a single product,
leaving no reaction byproducts, and occur under mild conditions. After the
introduction of click reactions by Sharpless,” the copper (I)-catalyzed azide-alkyne
cycloaddition (CuAAC) has been widely used for the facile synthesis of new
molecules, polymers, and hydrogels.””> Over the past decade, several reactions have
been observed to have ‘click’ reaction attributes while not requiring a metal catalyst,
including the radical addition of thiols to select alkenes and alkynes, Michael-type
addition of thiols to maleimides, Diels-Alder reactions between dienes and
dienophiles, and oxime reactions between aminooxy groups and aldehydes or ketones
(Table 1.2).*'° Click reactions are attractive tools for synthesizing cell-compatible
hydrogels, which can be used for controlled cell culture, tissue engineering, and
controlled release applications.”'”**” Advantages such as fast reaction kinetics, high
regio- and chemo-selectivity, mild reaction conditions, and facile tuning of structural
and mechanical properties using stoichiometry make click reactions highly useful for

synthesizing cell-compatible hydrogels.'”" 2*!-**
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Table 1.2 Click reactions for hydrogel for hydrogel formation. Comparison of
important click reactions typically used for formation of cell compatible

hydrogels

CuAAC

SPAAC

Diels-
Alder

Inverse
electron
demand
Diels-
Alder

Thiol-ene

Michael
addition

Oxime

azide and
alkyne

cyclooctyne
and azide

conjugated
diene and
substituted
alkene

dienophile and
diene

thiol and
unsaturated
functional
group (radical
mediated)

thiol and a,B-
unsaturated
carbonyl group

aminooxy and
aldehyde/
ketone

pH 4-12,
reaction
time <1 h,
Cu catalyst
required

pH 7.4,
reaction
time <1 h

pH 5.5-6.5,
reaction
time <8 h

pH 7.4,
reaction

time <5 min

pH 6-8,
reaction
time <1 h

pH 6-8,
reaction
time <30
min

pH 6-8,
reaction
time <30
min

30

bioorthogonal
reversible
difficulties with
complete removal of
cytotoxic Cu

no catalyst required

no catalyst required
longer reaction time
than most of the other
click reactions

faster rate of reaction
than many other Cu-
free click reactions
no catalyst required
no catalyst required

spatiotemporal
control possible with
select chemistries and
using a photoinitiator

no catalyst required
reversible

no catalyst required

cell
encapsulation
and delivery,*'®
drug delivery,>
249D cell
culture®

cell
encapsulation,*
*73D cell
culture®'” >
cell
encapsulation
and release,>
controlled cargo
delivery™*®

live cell
imaging,”” drug
targeting™", cell
surface protein
labeling™'

6-

cell
encapsulation, "
152 degradable 3D
cell culture'** >

cell
. 159,
encapsulation,
162233 controlled
- 1
cargo delivery’"
234

cell
encapsulation,”>
protein
immobilization®**



1.5.1.2.1 Azide-alkyne Cycloadditions
Copper (I)-catalyzed azide-alkyne cycloadditions (CuAAC) unite two

unsaturated reactants, azides and alkynes, to form triazoles.”>’ CuAAC click reactions

1223-225 171, 218, 238

have been extensively used for crosslinking both natura and synthetic
polymer-based hydrogels. One advantage of this class of reactions is that both azides
and alkynes are almost completely unreactive toward biological molecules.”*” Their
limitations include alkyne homocoupling, difficulties removing residual heavy metal
catalyst, and the biocompatibility of the resulting 1,2,3-triazoles. In particular, use of
toxic and unstable Cu catalysts can limit applicability in cellular microenvironments.
Nevertheless, Piluso et al. recently reported the preparation of HA-based hydrogels via
CuAAC click crosslinking of alkyne-functionalized HA.*** The elastic modulus of the
resulting HA hydrogels was tuned between 0.5 to 4 kPa by varying the stoichiometry,
length, and rigidity of an azide-functionalized crosslinker. In this case, limited toxicity
was observed with L292 cells encapsulated in these hydrogels, indicating their
potential as biomaterials.

Copper-free strain-promoted azide-alkyne cycloaddition (SPAAC) reactions
have emerged to address issues with copper toxicity in biological systems.**’ Ring
strain, as well as electron-withdrawing fluorine substituents in some cases, promotes
rapid reaction of cyclooctynes with azides in the absence of the Cu catalyst.”*' Owing
to the absence of the catalyst, SPAAC click chemistry has been used to crosslink
hydrogels in the presence of cells to form controlled cellular microenvironments.*'”
219, 226227 Eor instance, Zheng et al. reported use of a SPAAC strategy to create
hydrogels by functionalizing PEG with 4-dibenzocyclooctynol.**® The versatility and

biocompatibility of this strategy allowed hMSC encapsulation, maintaining their

viability as assessed using a live-dead imaging-based cytotoxicity assay (~90%
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viability after 24h). In a broader context, such an approach can be useful for cell
delivery, in which cells are hypersensitive to presence of Cu during crosslinking. In
another example, DeForest et al. used SPAAC click chemistry for hydrogel formation
followed by a thiol-ene reaction for photoaddition of three-dimensional biochemical
patterns with micrometer scale resolution and in the presence of fibroblasts (>90%
viability at post 24 h encapsulation).*’” Specifically, an enzymatically degradable
peptide sequence was incorporated into the hydrogel via SPAAC reaction, and the
adhesion ligand was incorporated in the hydrogel network via cytocompatible
thiol-ene photolithographic patterning. The cells selectively adhered to regions in
which the RGD motif was presented and subsequently degraded the hydrogel matrix
through cleavage of the enzymatically degradable linker, leading to localized cell
proliferation. In principle, such approaches can be used to study cell behavior in

spatiotemporally controlled 3D microenvironments.

1.5.1.2.2 Diels-Alder Reactions

The Diels-Alder (DA) reaction is a well-established solution-based reaction
that has also been utilized for hydrogel formation. DA reactions involve addition of
conjugated dienes to substituted alkenes to form substituted cyclohexenes.*'® *** The
efficient and facile DA reaction occurs under mild reaction conditions and does not
require an initiator, which is advantageous for crosslinking hydrogels in the presence
of cells. However, the reactions are slow, which could be a limitation in certain
applications. The DA reaction has been utilized for the preparation of various
hydrogels for bioengineering applications.*® *** 2%

Shoichet and coworkers recently demonstrated the use of a Diels-Alder click

reaction to create stable and biocompatible hyaluronic acid hydrogels.® The
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carboxylic acid group of HA was reacted with furfurylamine to create furan-
functionalized HA, and the modified HA was crosslinked with a maleimide PEG
crosslinker to form a hydrogel. The mechanical and degradation properties of these
hydrogels were modulated using the furan to maleimide molar ratio. /n vitro studies
with a cancer cell line, MDA-MB-231, demonstrated the cytocompatibility of these
Diels-Alder HA-PEG hydrogels, and a high level of cell viability was maintained over
2 weeks (>98%, live-dead assay after 14 days). Using a similar approach, Marra and
coworkers prepared HA-based hydrogels for controlled release application.””® HA was
functionalized with either a maleimide or a furan group and crosslinked in PBS at 37
°C within ~ 40 minutes. Insulin (negatively charged) or lysozyme (positively charged)
were encapsulated as model proteins within these HA-based hydrogels. The release
profiles showed slight or no burst release depending upon the protein, owing to
electrostatic interactions. In addition, the hydrogels were cytocompatible and
maintained the viability of the entrapped cells. Taken together, these recent examples
indicate that the Diels-Alder crosslinking for creating cell-compatible hydrogels is a
promising strategy for soft tissue engineering, regenerative medicine and controlled
release applications.

Fox and coworkers created an inverse-electron-demand Diels-Alder reaction,
reacting a trans-cyclooctene with dipyridyltetrazine.*** As compare to any other Cu-
free click reaction, the rate of this reaction was an order of magnitude higher (k = 10
M s1).2*! Using a similar approach, reactions of tetrazines with other alkenes such as
norbornene®’ and cyclobutene™° have also been reported. In principle, such reactions

could be valuable for crosslinking cell-compatible hydrogels. Additionally, inverse-
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electron-demand Diels-Alder reaction has been used for cell surface protein labeling

indicating their bioorthogonality.'

1.5.1.2.3 Thiol-ene Reactions

Thiol-ene reactions typically involve reaction of thiols with unsaturated
functional groups, such as unactivated alkenes, maleimides, acrylates, and
norbornenes. Thiol-ene reactions can proceed by free radical addition, Michael-type
nucleophilic addition, or a combination of these mechanisms depending on the
reaction conditions. Thiol-ene reactions share many attributes with classical click
reactions: thiol-ene reactions proceed rapidly under mild conditions, have high
orthogonality, yield a single regioselective product, and do not yield any byproducts.
Hence, reactions that proceed by either mechanism are commonly referred as

thiol-ene click reactions. For a comprehensive review of thiol-ene click reactions,

245 246
1. 1.

readers are referred to recent reviews Hoyle et al.”™ and Kade et a

Gress et al. were the first to identify the radical-mediated thiol-ene reaction as
a click reaction.” This radical-mediated thiol-ene coupling has since emerged as a
highly attractive reaction for hydrogel formation and modification due to its high
efficiency, ease of photoinitiation, and orthogonality with numerous functional
groups.”*> ** The reaction offers advantages, such as spatiotemporal control over
crosslinking and the possibility of conducting crosslinking in the presence of cells.
Rydholm et al. reported the use of thiol-acrylate mixed mode free radical
photopolymerization for the formation of hydrolytically degradable PEG hydrogels.'*’
The mechanical properties and degradation profiles were modulated with thiol

concentration. Use of photoinitiation enables controlled polymerization both spatially

and temporally. In addition, thiols and acrylates also can photopolymerize in absence
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of a photoinitiator, which could prove useful for in situ crosslinking in the presence of
cells.*®

Fairbanks et al. have utilized a thiol-norbornene reaction to synthesize
enzymatically degradable PEG hydrogels."”’ Four-arm PEG was functionalized with
norbornene end groups, and thiol-containing chymotrypsin- or MMP-degradable
peptides were used for crosslinking. The step-growth mechanism ensured
homogeneity in the resulting hydrogel network, and the crosslinking reaction did not
significantly affect the viability of encapsulated hMSCs. Shih and Lin have recently
shown the hydrolytic degradability of similar thiol-norbornene PEG hydrogels via

ester hydrolysis under neutral or mildly basic conditions.””

Taken together,
degradation properties of these hydrogels can be modulated with the degree of
crosslinking and the crosslinking peptide sequence, making them promising for tissue
engineering applications in which fine control over degradation is desired."**
Nucleophilic Michael-type addition reactions between thiols and electron
deficient ‘ene’s, such as maleimides, methacrylates, o,p-unsaturated ketones,
acrylonitrile, and crotonates, are another type of thiol-ene click reaction. Due to the
mild reaction conditions, numerous hydrogels have been prepared via Michael-type

addition in the presence of cells without significantly altering cell viability.'>* !> 2*%

2% 2% For example, Phelps et al. used 4-arm PEG macromers functionalized with
maleimide end groups and dithiol-containing protease-cleavable peptides to form
hydrogels.”” The mechanical properties of the hydrogels were modulated using
appropriate polymer concentrations to mimic the modulus of the native ECM. Further,

theses PEG hydrogels maintained cell viability during gel formation and promoted the

spreading of encapsulated C2C12 cells. Kiick and coworkers have employed Michael-
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type additions crosslinking the production of a variety of hydrogels. In one example,
polypeptide-PEG hybrid hydrogels were produced via the reaction of the cysteine
(CYS) residues of the polypeptide with vinyl sulfone (VS) functionalized PEG.>
Resilin-like polypeptides (RLP) were employed owing to the outstanding elastomeric
properties of natural resilin for cardiovascular tissue engineering application, and to
provide bioactivity to inherently inert PEG hydrogels. Depending upon the molecular
weight of the RLP and the stoichiometric ratio (CYS:VS), the storage modulus of the
hydrogel was modulated from G ~ 2.6 kPa to 12 kPa. Encapsulated AoAFs adopted a
spread morphology over 7 days and maintained their viability within in vitro culture in
these hydrogels. These recent examples demonstrate the versatility of Michael-type
addition reactions to crosslink hydrogels in presence of cells for soft tissue and

cardiovascular tissue engineering.

1.5.1.2.4 Oxime Reactions

Oxime reactions between aminooxy and aldehyde or ketone functional groups
have recently been classified as click reactions owing to their fast reaction kinetics,
orthogonality to various functional groups found in the cell microenvironment, and
lack of catalyst. Recently, Grover et al. utilized oxime click reactions to synthesize

cytocompatible PEG hydrogels.*>

Eight-arm PEG was functionalized with aminoxy
groups and crosslinked with glutaraldehyde. By varying the polymer concentration
and stoichiometric ratio of aminoxy to aldehyde, hydrogel mechanical properties and
water content were modulated. This click reaction permitted encapsulation of murine
MSCs, maintaining cell viability and metabolic activity. However, glutaraldehyde has

been observed to undergo various structural rearrangements in solution depending on

the pH, influencing the reaction mechanisms and potentially influencing the ‘click’

36



nature of this reaction.”® Maynard and coworkers used oxime click reaction and
CuAAC to immobilize different proteins in PEG-hydrogel constructs.”>* PEG was
functionalized with aminooxy and alkyne groups in order to conjugate ketoamide-
myoglobin and azide-modified ubiquntin as model proteins for surface patterning.
While the orthogonality of these two reactions is clear, many proteins and cells present
free amines in solutions, such as hydrophilic lysines along the backbone of ECM
proteins and growth factors; consequently, the specificity of the oxime reaction for
orthogonal gel formation should be evaluated based on the protein and application of
interest. In principle such an approach can be extended for numerous possible
combinations of proteins in adjacent regions of a single plane or in multilayer

constructs to modulate cell behavior.

1.5.1.2.5 Schiff Base Crosslinking Reactions

Schiff base crosslinking involves the reaction of macromolecules containing
alcohol, amine, or hydrazide functionalities with aldehydes to form a hydrogel
network. Due to the mild reaction conditions, this strategy has been utilized to prepare
cell-compatible hydrogels for cell encapsulation and controlled drug delivery

applications.”® *'

For example, Tan et al. synthesized N-succinyl-chitosan by
introduction of succinyl groups at the N-position of the glucosamine units and also
prepared hyaluronic acid with aldehyde functionality via cis-diol bond cleavage.”® The
chitosan-HA hydrogel was prepared with Schiff base linkages and exhibited a gelation
time of ~1-4 minutes. The hydrogel supported cell adhesion, and encapsulated bovine
articular chondrocytes were found to have regular spherical morphology, indicating

the potential of this chemistry for tissue engineering applications. While a promising

tool, many proteins present hydrophilic free amines (e.g., lysines) or alcohols (e.g.,
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serine and tyrosine) in solution, as discussed with oxime reactions; the specificity of
Schiff base crosslinking for orthogonal gel formation should be examined on based on

the desired application.

1.5.2 Physically Crosslinked Hydrogels

Noncovalent interactions, such as ionic interactions, crystallization,
hydrophobic interactions, electrostatic interactions, hydrogen bonding, or
combinations of these, can be used for physically crosslinking macromolecules to
obtain cell-compatible hydrogels.”>*** Self-assembled amphiphilic block polymers,
proteins, peptides, and polypeptides typically form hydrogels via physical

. . 133, 260-263
crosslinking. °™

Physically crosslinked hydrogels afford simple network
formation, without the use of any potentially toxic chemical crosslinkers or initiators.
In addition, their dynamic crosslink exchange, shear-thinning flow, and excellent shear

recovery can be attractive for use as injectable hydrogels for therapeutic delivery.'*>

>% However, potential limitations include insufficient mechanical strength for some
applications due to the weakness of the physical interactions and limited control over
their degradation rates, presenting possible challenges for controlled cell culture. Here,
physical crosslinking methods used to design cell-compatible hydrogels from ‘off the
shelf” polymers (e.g., alginate, PVA), block copolymers, and peptide/proteins are
discussed along with potential applications for orthogonal property control in cellular
microenvironments.

Ionic interactions have been extensively used to physically crosslink
commercially available polysaccharides, such as alginate and chitosan, to form

hydrogels.”>**" The use of ionic interactions offers the possibility of biodegradation
ydrog p y

since ionic species present in cellular microenvironments can competitively bind,
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leading to dissociation of the hydrogel network. Matyash et al. used physical
crosslinking with divalent cations such as Ca*" to prepare alginate-based hydrogels
that were biocompatible and facilitated neurite outgrowth.”>’ Hydrogels can also be
created by the formation of crystallites, which act as physical crosslinks for network
formation. As in the example above, PVA can form a highly elastic hydrogel when
subjected to a freeze-thawing process to form crystallites, and such hydrogels have
been used for various bioengineering applications, such as controlled drug delivery.'””
22 239 For example, Abdel-Mottaleb et al. used three cycles of freeze-thawing to
prepare PVA hydrogels for topical delivery of Fluconazole within the dermal

2 The hydrogels were stable up to 6 months and effective in the

microenvironment.
topical treatment of skin infections.

Multiblock copolymers or graft copolymers can also be physically crosslinked
for hydrogel formation. For example, Hunt et al. developed hydrogels with tunable
physical and chemical properties using ionic coacervation upon mixing of two ABA
triblock polymers, poly(allyl glycidyl ether-b-ethylene glycol-b-allyl glycidyl ether)

k.>** Non-covalent

with an oppositely charged poly(allyl glycidyl ether)-bloc
interactions of the positively charged (ammonium and guanidinium) and negatively
charged (sulfonate, carboxylate) ABA triblock copolymers resulted in the formation of
polymer-dense coacervate domains leading to network formation. The ionic
interactions were efficient, specific, and sensitive to polymer concentration, pH and
presence of salt. Such approach highlights the use of ionic interactions for preparing
highly tunable and dynamic physically crosslinked hydrogels with superior

mechanical properties and ease of synthesis, which can be potentially used as 3D cell

scaffolds.
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Polypeptides and proteins represent another important class of biocompatible
polymers that can be physically crosslinked upon the formation of secondary
structures (i.e., a—helix and [B-sheet) that drive intermolecular association. Peptide
based hydrogels have been synthesized for potential applications in controlled release,
3D cell culture, and tissue regeneration,'>> 2°" 26*2%7 Eor example, Yan et al. recently
prepared [-hairpin peptide-based hydrogels via self-assembly for osteoblast

encapsulation.'>’

The effect of shear flow on the preformed, injectable B-hairpin
hydrogel was investigated. The gel that was directly in contact with the syringe wall
experienced a velocity gradient, while the central, plug-flow region experienced little
to no shear. The study demonstrated that the shear thinning of preformed hydrogels
did not significantly affect encapsulated cell viability. Further, Heilshorn and
coworkers used tryptophan and proline-rich peptide domains for preparing materials
mixing-induced, two component hydrogels (MITCH) for effective encapsulation of

266

cells within 3D hydrogels.™ In addition to peptide-peptide interactions, specific

peptide-polysaccharide interactions also can be utilized for physically crosslinking
hydrogels.*®

Kiick and coworkers employed noncovalent interactions between heparin-
modified PEG polymers and a heparin-binding growth factor (VEGF) to create
bioresponsive hydrogels.”®® The VEGF-LMWH interactions were confirmed by the
increase in hydrogel modulus by addition of VEGF to PEG-LMWH (G'(w) > 10 Pa in
presence of VEGF, ~ 1 Pa in absence of VEGF) measured using optical tweezer
microrheology. The hydrogels significantly eroded after day 4, and released
approximately 80% of VEGF by day 10 in presence of VEGFR-2 (a VEGF receptor),

as compared to PBS (~30% release over same time period). The released VEGF was
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bioactive, and the hydrogels were biocompatible, as confirmed by in vitro experiments
(cell proliferation assay and live-dead staining respectively). VEGF-LMWH
interactions were further studied for their cell-responsive nature employing two
different cell types: porcine aortic endothelial (PAE) cells overexpressing VEGFR-2
and PAE cells that were not equipped with VEGFR-2 transcript.””’ The hydrogels
were eroded by day 4, and VEGF release was greater in presence of VEGFR-2
expressing cells. Such physically crosslinked hydrogels offer novel targeting strategies
depending upon cell surface receptor-ligand interactions and could be used for

sustained and targeted delivery of VEGF to promote angiogenesis.

1.6 Engineering Degradation

Many cellular processes are influenced by spatiotemporal changes in the cell
microenvironment. In hydrogel microenvironments, temporal control of matrix
properties is easily achieved through selective incorporation of degradable moieties,
enabling examination of how property changes influence cell function and fate.
Additionally, as discussed in earlier, controlled degradation of hydrogels is highly
desirable for biomedical applications, including soft tissue engineering to promote cell
secretory properties and enable tissue elaboration and therapeutic delivery to allow
tunable, controlled release locally or systemically. Degradation can be achieved by
forming hydrogels with degradable polymer backbones, degradable -crosslinks,
degradable pendant groups, or reversible non-covalent interactions. This section will

focus on degradation kinetics and modes of degradation.
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1.6.1.1 Controlling Degradation Rates

The desired rate of network degradation is dictated by the final application of
cell-compatible hydrogels. For controlled release of bioactive molecules, rapid
degradation can lead to an initial burst or rapid release of cargo, generating large
bioactive molecule concentrations which may be desirable, out of a biologically-
relevant range, or even toxic depending on the application. For tissue engineering
scaffolds and controlled cell culture applications, degradation affects the hydrogel
crosslink density and mechanics and hence cell behavior,””" where ideally the rate of
degradation should match the rate of new tissue formation. To control degradation and
the temporal properties of the cell microenvironment, hydrogel degradation rates can
be tuned by careful selection of network chemistries, degradation kinetics, and
network connectivity, which influence crosslink density and mass loss. A brief
overview of the general ‘handles’ for modulating degradation is provided here.

Degradation rates are influenced by the chemical nature of the polymer
network backbone chain. The number and type of degradable linkages and the local
environment surrounding the degradable moieties alter cleavage kinetics. For example,
groups present along the polymer backbone or its side chains such as esters,

succinimide—thioether linkages, and nitrobenzyl ethers can be degraded via

272-274 249, 275

hydrolytic, via retro-Michael reaction and photolytic'* ?7**"" degradation
mechanisms, respectively. The covalent bond cleavage kinetics will influence the
overall rate of hydrogel degradation. For example, Jo et al. studied the effect of
adjacent charged amino acids on the hydrolysis rate of ester bonds and the resulting
degradation rate of PEG acrylates modified with cysteine-containing oligopeptides.”’®

The positively charged arginine caused a six-fold increase in ester hydrolysis, as
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compared to negatively charged aspartic acid, and similarly release of covalently
linked bovine serum albumin (BSA) was influenced by the rate of degradation.

Hydrogel degradation rates can be tuned by optimizing network connectivity
and mesh size. Increased crosslinking density typically leads to smaller mesh size,
increased modulus, and slower degradation, owing to an increased number of
cleavable bonds that must be broken for network mass loss and erosion.’’ Decreased
mesh size also can limit accessibility of the degradable moiety within the hydrogel to
larger molecules, such as enzymes, owing to a reduced diffusion rate.'®" In such cases,
release of cargo molecules will be slower as well due to hindered diffusion.

Encapsulated cells, cell secreted enzymes, and growth media can influence
degradation rates for chemically or physically crosslinked hydrogels.””">*
Additionally, the degradation products can influence cell proliferation and
differentiation. For instance, Lampe et al. studied the effect of degradable macromer
content on neural cell metabolic activity, proliferation and differentiation using PEG
and poly(lactic acid) copolymer based hydrogels.”® It was found that the neural cell
survival, proliferation and metabolic functions immediately after encapsulation were
improved in hydrogels prepared with increasing degradable macromer content,
suggesting a beneficial impact of lactic acid released during degradation.

Degradation rates can be investigated using bulk property measurements, such
as the in vitro monitoring of hydrogel swelling, mass loss, mechanical properties, or
solubilization or the in vivo imaging and analysis of implanted materials. Hydrogel
degradation rate also can be studied by monitoring direct bond cleavage or monitoring

degradation products (i.e., uronic acid release due to HA degradation).”® Methods for
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assessing hydrogel degradation rates are well covered within a recent review by

Peppas et al.”!

1.6.1.2 Modes of Degradation

Hydrogels can degrade through surface erosion, bulk degradation, or a
combination of the two depending upon the type and number of degradable linkages.
At high crosslinking density, restricted diffusion of water and enzyme may
preferentially lead to surface erosion. Bulk degradation, typically observed in
hydrogels owing to their high water content and relatively high diffusivity, occurs
when cleavable groups present throughout the bulk as well as on surface degrade
simultaneously.

Physically crosslinked hydrogels can degrade by processes that reverse the
gelation mechanism or disturb the non-covalent interactions of the crosslinks. For
example, calcium crosslinked alginate hydrogels are known to degrade in vitro due to
ion-exchange processes between Ca'” ions, present within hydrogel network, and Na*

ions of buffered solutions.'*

Further, stereocomplexed hydrogels formed using
amphiphilic copolymers of PLA and PEG can be degraded by disruption of the

aggregate packing.*®’
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Figure 1.5 Degradation strategies. Chemically crosslinked hydrogels can be
degraded via cleavage of (A) the polymer backbone, (B) crosslinker or
(C) pendant group depending upon the chemistry used for hydrogel
formation (choice of polymer, crosslinker, and crosslinking mechanism).

Chemically crosslinked hydrogels can be degraded via several mechanisms,
including cleavage of the backbone chain, crosslinker, or pendant groups (Fig. 1.5).
Hydrogels prepared using polymers with degradable functional groups within the
backbone chain are degraded into smaller segments of the original polymer depending
upon the location of the degradable groups. A large number of hydrogels include
degradable crosslinkers, such as peptides, proteins, or polymers that contain
chemically labile moieties. Such hydrogel networks degrade into high molecular

weight polymer backbone chains and degradation products from the crosslinker.
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Polymer chains also can be end-capped with degradable functional groups followed by
the addition of reactive functionalities, thus creating crosslinkable degradable
macromers. After crosslinking and degradation, the hydrogel network is degraded into
the components that comprise the polymer network backbone; for example, in the case
of PEG-PLA diacrylate hydrogels, the degradation products are PEG, polyacrylate,
and lactic acid. Chemically crosslinked hydrogels often are degraded through
hydrolysis, enzymatic cleavage, reversible click reactions, or photolytic degradation
(Fig. 1.6). To engineer hydrogel degradability, it is essential to understand the types of
cleavable groups and modes of degradation, their byproducts, and factors affecting
degradation rates. These modes of degradation are briefly discussed below with

respect to their use in cell-compatible hydrogels.
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Figure 1.6 Selection of labile groups to control degradation rates. Chemically
crosslinked hydrogels can be engineered to degrade at a preprogrammed,
cell-dictated, or user-defined rate with varying degrees of spatiotemporal
control

1.6.1.2.1 Enzymatic Degradation

Cell-mediated enzymatic cleavage is of particular importance for the
degradation of hydrogels composed of natural polymers, proteins, or peptide linkages.
For instance, Kane and coworkers incorporated alginase-loaded PLGA microspheres

284
1.2

in an alginate hydroge The rate of hydrogel degradation was tuned by the activity

of alginase released from microspheres, as mammalian cells do not produce alginase.
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Further, these degradable alginate hydrogels enhanced neural progenitor cell
expansion rates in vitro as compared to control non-degradable hydrogels.

Enzymatically degradable hydrogels also have been utilized for targeted drug
delivery since the concentration of enzyme is dependent upon cell and tissue types,
enabling local triggered drug release. For instance, the concentration of hyaluronidase
is known to be substantially higher in various carcinomas,”® and enzymatically-
degradable HA-based hydrogels can be used as site-specific therapeutic delivery
vehicles. HA-based hydrogels degrade in the presence of hyaluronidase, a family of
enzymes that catalyze the hydrolysis of C-O, C-N and C-C bonds. Lee et al. prepared
a HA-tyramine based injectable hydrogel for protein delivery in which the release of
the cargo molecule was partially dependent on hydrogel degradation via
hyaluronidase.”®* Approximately 70% of the activity of released lysozyme, a model
cargo protein, was retained in vitro. In principle, such an approach can be used for
sustained, local therapeutic protein release to inhibit tumor growth.

Parameters such as pH, local ionic strength, enzyme concentration, and
temperature may change degradation profiles due to their influence on the specificity
of enzyme-substrate complex formation. The crosslinking density and pore size of the
hydrogel also can influence the hydrogel degradation rate. For instance, Aimetti et al.
reported use of a human neutrophil elastase (HNE) sensitive peptide for crosslinking
PEG hydrogels using thiol-ene photopolymerization.'® The gels were engineered to
degrade via surface erosion by limiting diffusion of HNE inside the hydrogel network
via a high crosslink density and small mesh size; upon erosion, a physically entrapped
protein was released. Surface degradation was investigated using mass loss and

swelling ratio measurements, and the release of the model encapsulated protein, BSA,
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was modulated by changing peptide k., values with amino acid substitutions, HNE
concentration, and peptide crosslinker concentration.

Incorporation of protein- or peptide-based linkages, which are susceptible to
proteases as noted in the example above, is a powerful way to control hydrogel

152, 164, 286-288 .
> For instance, Patterson and

degradation both synthetically and in situ.
Hubbell prepared PEG hydrogels with protease-sensitive peptides through Michael-
type addition reactions.”® When incubated with MMP1 and MMP2, the hydrogel
samples degraded via enzymatic hydrolysis with variable rates depending upon the
peptide sequence used (MMP1 keq ~ 0.1 to 7.9 sec”’, MMP2 ~ ke, 0.30 to 5.6 sec™).
Encapsulated fibroblasts showed increased spreading and proliferation when cultured
in three-dimensions within hydrogels crosslinked using more rapidly degrading
peptides. The results highlighted the possibility of engineering hydrogel degradability
in response to specific MMPs that are overexpressed in relevant cell type(s) of
interest. For example, endothelial cells predominantly express MMP-2 and MMP-9,>*

and thus MMP-2 and MMP-9 sensitive hydrogels can be used to promote endothelial

cell invasion for angiogenesis. Further, enzymatically degradable hydrogels have been

290-291 286,292

employed for wound healing and bone regeneration.

1.6.1.2.2 Hydrolytic Degradation

A myriad of synthetic hydrogels have been engineered to degrade through
hydrolysis of ester linkages within the network backbone or crosslinker, where ester
cleavage produces a carboxylic acid and an alcohol. In hydrolytically degradable
hydrogels, crosslinking density, local pH, and polymer network chemistry, including
backbone molecular weight, crystallinity, and hydrophobicity, influence the

degradation rate. Recently, Zhang et al. reported use of a biodegradable triblock
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copolymer poly(e-caprolactone-co-lactide)-b-poly(ethylene glycol)-b-poly(e-
caprolactone-co-lactide) hydrogel as a post-operative intestinal adhesion barrier.*’
The hydrogel retained its integrity for approximately 6 weeks in vivo and eventually
degraded by ester hydrolysis without significant cytotoxicity. Patenaude and Hoare
synthesized hydrolytically degradable thermoresponsive hydrogel using aldehyde and
hydrazide functionalized PNIPAAM.*® The rate of hydrolysis of the hydrazone
linkages in acidic microenvironment varied from 2 to 6 hours, leading to complete
degradation of cell-compatible hydrogels, and extrapolation of kinetic data predicted

degradation on the order of several months under physiological conditions.

1.6.1.2.3 Reversible Click Reactions

Click chemistries offer several advantages in hydrogel network formation as
discussed earlier; however, the application of reversible click reactions as a simple
approach to engineer degradability near physiological conditions has been restricted.
Baldwin and Kiick recently reported use of a retro click reaction to engineer the
degradation rates of heparin-functionalized hydrogels prepared using thiol-based
Michael-type addition reactions between multifunctional PEG thiols and maleimide-

modified heparin.** *°

Differences in the pK, of the mercaptoacids used to
functionalize PEG led to differences in hydrogel degradation rate within a reducing
environment (i.e., in the presence of glutathione), owing to differential retro Michael-
type cleavage rates of the succinimide—thioether linkage; the more rapid equilibration
of an aryl thioether succinimide product with its reactant aryl-thiol modified PEGs and
maleimide-functionalized heparin resulted in the capture of the liberated maleimide by

the exogenous glutathione (GSH). The choice of mercaptoacid also was used to

control the release of bioactive molecules in vitro. The intracellular concentration of
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GSH, a tripeptide of glutamic acid, cysteine, and glycine, is known to be significantly
higher than the extracellular concentration,””* and the GSH content of carcinoma cells
also is elevated, owing to the role of GSH in regulating mutagenic mechanisms, DNA
synthesis, and growth.”>>*® Since the rate of degradation and release of cargo
molecules from these gels depend upon the local reducing environment, this
degradation strategy is promising for intracellular or site-specific controlled drug
delivery.

Another exciting class of reversible click reactions is retro Diels-Alder
cycloreversion, which can be an attractive tool to modulate hydrogel degradation.
Early examples of incorporating this reversible reaction chemistry within the
crosslinks of hydrogels exhibited significant network degradation at temperatures
above 60 °C, potentially limiting their translation into controlled cell
microenvironments.”*> 7 However, recent work incorporating furan-functionalized
pendant peptides within PEG-maleimide-based hydrogels demonstrates controlled
release of these peptide tethers under physiological conditions.””® While higher
temperatures (up to 80°C) increased release, physiological temperature was adequate
for significant tether release (~ 40%), and dexamethasone released by this mechanism

2% This class

was shown to promote osteogenic differentiation of encapsulated hMSCs.
of reversible click reactions is promising for predictable, tunable control of cell

microenvironment properties.

1.6.1.2.4 Light-mediated Degradation
Photolabile monomers and polymers engineered to cleave under
cytocompatible irradiation conditions allow spatiotemporal control of hydrogel

degradation and in situ property tuning.””” Anseth and coworkers developed
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photodegradable hydrogels for cell culture by creating an acrylated nitrobenzyl ether-
derived moiety with a pendant carboxylic acid that could be attached to poly(ethylene
glycol) (PEG)-bis-amine or amine-terminated peptides to create a photocleavable
cross-linking diacrylate macromer (PEG-diPDA) or a photoreleasable pendant peptide
tether, respectively.””’ The PEG-diPDA hydrogels degraded when irradiated with
cytocompatible doses of long wavelength UV, visible, or two-photon IR light (365,
405, and 740 nm, respectively), enabling precise control over hydrogel degradation
profiles in situ. Hydrogel photodegradation and the corresponding change in crosslink
density led to an increase in the mesh size and decrease in the polymer density
surrounding the cells, promoting encapsulated hMSC spreading as compared to non-

irradiated control hydrogels.?’°

In addition, photolabile RGDS containing hydrogels
were found to influence the integrin expression on the surface of cells, where temporal
modulation enhanced hMSC differentiation. Griffin and Kasko recently incorporated
o-nitrobenzyl groups with varying cleavage kinetics within the backbone of PEG
hydrogels (Fig. 13).””” The hydrogels were formed using redox polymerization in
presence of hMSCs and were selectively photodegraded to release specific stem cell
population. Such an approach can be used for cell encapsulation and on-demand
release of therapeutic cells for regenerative medicine and wound healing applications.
In a complementary light-mediated approach, Anseth and coworkers used
photoinitiators to degrade disulfide-bonded PEG hydrogels.'*> When irradiated, the
photoinitiator created free radicals through heterolytic decomposition, attacking the
disulfide bonds and resulting in hydrogel degradation. In principle, this photoinitiated

disulfide bond degradation could be conducted in the presence of cells in conjunction

with cytocompatible disulfide gel formation.’” Almutairi and coworkers recently
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reported synthesis of polymer containing a pendant photocleavable group, 4-bromo7-

hydroxycoumarin (Bhc).*"!

Upon photolysis with cell and tissue compatible near
infrared irradiation, the polymer undergoes a triggered cascade of cyclization
reactions, leading to degradation of the polymer backbone with potential applications

for controlled release in vivo within deep tissues.

1.7 Delivery of Bioactive Cargo in Hydrogels

1.7.1 Small Molecular Drug and Therapeutic Peptide Delivery
PEG hydrogels have been developed to control the release of small molecular

302-304
However, controlled

drugs by rational design and control of hydrogel mesh size.
delivery of small cargo molecules using PEG hydrogels faces two major challenges:
maintaining precise control over the mesh size during equilibrium swelling and
incorporating hydrophobic drugs within highly hydrophilic hydrogels. In this section,
we will highlight recent advances in material chemistry for the delivery of small
molecular weight drugs and therapeutic peptides.

Swelling of the hydrogels has been controlled by careful selection of
macromers. For example, the hydrophilicity of PEG is increased by increasing the
number of repeating units of ethylene glycol (e.g., increasing chain length). However,
to control the swelling of hydrogels and thus control hydrogel mesh size, an optimum
balance between hydrophilic and hydrophobic content is needed. By selecting low
molecular weight macromer precursors, hydrogel syneresis can be achieved, a process
by which water is lost after formation reducing the hydrogel mesh size. With this

approach, Langer and coworkers reported the synthesis of PEG-based thiol-ene

hydrogels that can undergo syneresis in physiological conditions, reducing gel volume
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by ~40%. They utilized these materials for the controlled release of
methylprednisolone sodium succinate (MPSS), a glucocorticoid prodrug with anti-
inflammatory and immunosuppressant properties.””> Hydrogels were prepared using
acrylate end-functionalized PEG and a commercially available trifunctional thiol
macromer (ethoxylated trimethylolpropane tri-3-mercaptopropionate). Incorporation
of MPSS within the hydrogel suppressed the rate of hydrolysis of the ester linkage
between methylprednisolone and succinate groups (k = 3.12 + 0.10 x 107 h™'
encapsulated as compared to k = 5.98 + 0.50 x 10~ h™' in PBS), demonstrating how
hydrogels can increase therapeutic stability. Sustained release of MPSS was achieved
over ~20 days independent of the initial drug loading concentration, providing an
opportunity to change the drug concentration based on individual patients’ needs
without changing the drug carrier volume.

Incorporation of small molecular hydrophobic drugs within hydrogels presents
additional challenges owing to their limited water solubility. Introduction of
hydrophobic units within the hydrogel network have been used to improve drug-
loading efficiency and influence the swelling behavior of the hydrogels. For example,
Harth and coworkers reported polycarbonate-based thiol-ene hydrogels for sustained
delivery of paclitaxel, a chemotherapeutic drug used to treat ovarian and breast
cancer.”” To incorporate the hydrophobic drug and optimize its residence time in the
hydrogel-based drug carrier, polycarbonate was incorporated within the hydrogel as an
additional hydrophobic backbone component. A three component system
(polycarbonate, poly(ethylene oxide), and semi-branched polyglycidols) was used to
optimize the balance between hydrophilicity and hydrophobicity, controlling hydrogel

swelling behavior and drug release kinetics. Hydrogels that undergo ester hydrolysis
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were formed using light-mediated thiol-ene reactions by reacting allyl-functionalized
polycarbonates with linear thiol-functionalized poly(ethylene oxide). Paclitaxel was
encapsulated within the network during hydrogel formation with high loading
efficiency (>98%), and release of ~7% to ~30% of the drug was observed over 7 days
depending on initial hydrogel swelling.

As noted earlier, control over release kinetics also can be achieved by
covalently conjugating the drug molecule to the hydrogel backbone. The rate of
release of cargo molecules in such cases depends on the rate of degradation of the
covalent linkage between the drug and the network. Covalently-linked drug molecules
can have preprogrammed drug release kinetics (e.g., different numbers of
hydrolytically degradable ester linkages with known rates of hydrolysis)***>* or can
cleave in response to the local microenvironment; both approaches have been used in
drug delivery systems. For example, Anseth and coworkers reported the use of thiol—
ene click hydrogels for cell-mediated delivery of dexamethasone (Dex), an anti-

% Dex was covalently

inflammatory and immunosuppressant steroid drug (Fig. 1.7).
linked to a peptide crosslinker (KCGPQGIAGQCK), which was susceptible to
enzymatic cleavage by MMPs secreted by cells within tissues. The hydrogels were
formed by reacting norbornene end-functionalized PEG with the thiol groups of
MMP-degradable peptide crosslinkers and the release of Dex was controlled by
cleavage of tethers. Since Dex is known to promote osteogenic differentiation of
human mesenchymal stem cells (hMSCs), released Dex bioactivity was monitored by
measuring hMSC alkaline phosphatase (ALP) activity, a marker of early osteogenic

differentiation.”” hMSCs encapsulated within hydrogels containing Dex-conjugated

MMP-degradable peptide showed a significant increase in ALP activity compared to
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hydrogels containing Dex conjugated to a non-degradable linker, demonstrating both
the release and bioactivity of Dex. While such an approach can be translated to deliver
other small molecules using thiol-ene hydrogels, the biological activity of drugs or
released drug fragments may change substantially after conjugation and release from
the network.’® For each drug of interest, tests must be run to ensure the conjugated

and released drug retains its desired biological activity.
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Figure 1.7 Controlled release of small molecular weight drugs and therapeutic
peptides. (A) Dexamethasone (Dex) was covalently conjugated to the
backbone of the hydrogel network using a thiol-functionalized MMP-
sensitive peptide linker (KCGPQGWIAGQCK). In the presence of cell-
secreted MMP, the dexamethasone fragment (closed circle) was released
and bioactive as demonstrated by enhanced alkaline phosphate (ALP)
activity of encapsulated stem cells compared to the negative control
(open circle, peptide sequence with substitution of D-isoleucine [QG(d-
)I] making the linker MMP-insensitive and non-degradable). Adapted
from Yang et al. *** with permission from Elsevier publishing. Copyright
(2012). (B) Furan-functionalized peptide (integrin-binding RGDS) was
incorporated in thiol-maleimide hydrogels by a Diels-Alder reaction with
excess maleimides. The release of peptide was controlled by a retro
Diels-Alder reaction, which increases in rate with elevated temperature as
demonstrated by the increasing fraction of peptide released at 37, 60, and
80 °C. Adapted from Koehler et al. ** with permission from ACS
publishing. Copyright (2013). (C) Toward promoting angiogenesis, a
vascular endothelial growth factor mimetic peptide (Qk) was tethered to a
non-degradable thiol-ene hydrogel using an MMP-cleavage linker, and
temporal control of Qk release was achieved in vitro and in vivo by
changing the MMP2-susceptible peptide tether (FL = Qk-PESWLRAG-
C-G, SL = Qk-VPLSWLYSG-C-G). * p < 0.05; &: p < 0.01, #: p <
0.0001 compared to buffer alone for each respective time point. Adapted
from van Hove et al’'® with permission from Wiley publishing.
Copyright (2015).

In the last decade, with significant advances in solid-phase synthesis
and recombinant DNA technology, FDA-approved, peptide-based drugs have gained

substantial importance for the treatment of human diseases.’''>'?

For example, peptide
formulations such as cilengitide, taltirelin hydrate, and ziconotide acetate are in
clinical trials for treating diseases associated with the central nervous system (i.e.,
spinocerebellar degeneration, ataxia, and severe chronic pain).’"> Thiol-ene hydrogels
have been used to deliver therapeutic peptides owing to their ability to maintain the
bioactivity of cargo peptides and the ease of peptide encapsulation by facile

309, 314

crosslinking chemistries. Recently, Wang et al. demonstrated the release of a
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1% Hydrogels were formed

fluorescently-labeled library of different model peptide.
using a combination of a thiol-containing protein (ubiquitin-like domain tetramer of
SATBI1 with cysteine residues) and PEG-maleimide via a Michael-type crosslinking
reaction. Controlled release of model peptide drugs (~50 to 80% release) was achieved
within approximately 24 hours, depending on the protein-peptide affinity interactions
(i.e., higher binding affinity peptide released more slowly). In another example,
Koehler et al. reported the release of a covalently-linked peptide (integrin-binding
RGDS) by reversible Diels-Alder reactions (Fig. 1.7B).>” PEG-based hydrogels were
formed using thiol-maleimide chemisty, and temperature sensitive Diels-Alder
linkages were used to conjugate the bioactive peptide functionalized with furan groups
by reaction with excess maleimide groups. The release rate of peptide was tuned by
incorporation of different numbers of maleimide tethering sites (varied by
incorporation of the monofunctional thiol) in the hydrogels: ~45 to 60% of peptide
was released by 35 hours depending on the number of maleimide tethering sites, and
the percent release could be further varied with changes in local temperature (i.e.,
~40% cargo released at 37°C and ~70% cargo released at 60°C). In another example,
Benoit and coworkers reported thiol-ene hydrogels to control release of Qk, a
proangiogenic peptide mimic of vascular endothelial growth factor using tissue-

319 Qk was tethered to the hydrogel using enzymatically

specific enzymatic activity.
cleavable linkers, and variation in k./Ky provided temporal control over release
kinetics (i.e., ~70% release was achieved using the sequence [Qk-PESLRAG-C-G]
whereas only ~15% release was achieved using the sequence [Qk-VPLSLYSG-C-G],
Fig. 1.7C). These examples highlight approaches and methods for the design of

hydrogels to deliver peptide-based therapeutics.

59



1.7.2 Therapeutic Protein Delivery

Protein therapeutics are in development to treat cancer, autoimmune diseases,
protein deficiencies, and infectious diseases.’’> The complexity of proteins allows
them to complete tasks that small molecules cannot easily achieve, such as catalyzing
an enzymatic reaction or inhibiting a biological process in a specific manner.*' For
example, the antibody rituximab binds specifically to CD20, a cell-surface
glycoprotein on B-cells, and has been approved to treat non-Hodgkin's lymphoma.’'®
However, their complexity leads to additional challenges, as protein structure must be
maintained and proteolytic degradation must be avoided until the protein achieves the
desired therapeutic effect either locally or systemically.”' Controlled release of
therapeutic proteins from hydrogels offers the potential to maintain potent
concentrations over extended periods of time and to limit premature degradation
before the therapeutic reaches its desired target.”'’

As with small molecule drugs, the mesh size of hydrogel-based delivery
vehicles is an important consideration; however, the mesh sizes of typical synthetic
hydrogels and the size of therapeutic proteins are often on the same scale
(approximately 1-10 nm). As a result, the protein often is encapsulated within the
network and released by diffusion. If the protein size is smaller than the mesh size of
the hydrogel, the protein can diffuse out of the hydrogel, usually at a slower rate than
protein diffusion through water (and slower than uninhibited diffusion throughout the
body). If the protein size is larger than the mesh size of the hydrogel, the protein is
trapped until released by hydrogel degradation or a stimulus-triggered change in mesh
size. Both approaches have proven useful depending on the desired time scale for
therapeutic release as noted in examples below. In many cases, model proteins of

different sizes, such as lysozyme (14 kDa) or BSA (66 kDa), are used. While these are
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useful and inexpensive models for protein release experiments, it is important to note
that the bioactivity of therapeutic proteins might be compromised during loading or
release from hydrogel delivery vehicles, and the compatibility of the hydrogel with a
specific therapeutic protein of interest needs to be verified for each application.

PEG-based hydrogels are some of the most common types used in controlled
release of therapeutic proteins. For example, Buwalda et al. crosslinked 8-arm PEG-
poly(L-lactide)-acrylate block copolymers with multifunctional PEG-thiols by
Michael addition for encapsulation and release of the model proteins lysozyme and
albumin.’'® Protein diffusion out of the hydrogel was slowed relative to diffusion in
water and took place on time scales of days to weeks, demonstrating controlled
release. Zustiak and Leach used an entirely PEG-based network formed by thiol-vinyl
sulfone chemistry with hydrolytically degradable ester bonds for controlled protein
release.””” Lysozyme encapsulated in the hydrogel diffused out within 18 hours, but
the largest protein encapsulated, immunoglobulin, remained in the gel until complete
hydrogel degradation at one week (Fig. 1.8). In both of these cases, the diffusion rate
was tuned by changing the number of ester bonds present in the network, affecting the
degradation rate of the hydrogel and protein release.

While Michael-type reactions have enabled successful encapsulation and
release of model proteins, gel formation in these systems begins upon mixing of all
components. In contrast, photopolymerization allows for spatial and temporal control
of polymerization, enabling the use of photolithography and micromolding for the

formation of macroscale hydrogel geometries and microscale particles.”*’

Impellitteri
et al. used a photopolymerized PEG-based thiol-norbornene reaction to encapsulate

vascular endothelial growth factor (VEGF) in hydrogel microspheres containing a
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peptide mimic of the VEGF receptor (RTELNVGIDFNWEYP), serving as an affinity

binding sequence that mediated VEGF release.’*' %

The microspheres were formed in
a water-in-water emulsion: one phase contained 4-arm PEG-norbornene, PEG-dithiol,
and 0.5% w/w of the photoinitiator Irgacure 2959; the other phase contained 40 kDa
dextran. The PEG macromers were crosslinked into stable microspheres by irradiation
(low dose of UV light, 4 mW/cm” for 8 minutes). Released VEGF was shown to be

bioactive by its enhancement of human umbilical vein endothelial cell proliferation in

vitro. (Fig. 1.8).
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Figure 1.8. Controlled release of therapeutic proteins (A) Proteins of various sizes
were released from PEG-based hydrolytically-degradable thiol-vinyl
sulfone hydrogels. Lysozyme, the smallest protein, was released in less
than 24 hours, whereas Ig, the largest protein, was released upon
complete gel degradation. Adapted from Zustiak and Leach *' with
permission from Wiley. (B) The growth factor VEGF was loaded into
microspheres containing a peptide-based ligand derived from VEGF
receptor 2 (VBP). VEGF was bound and released from the microspheres
containing the VEGF receptor mimic, whereas microspheres containing a
scrambled inert sequence exhibited a low level of release corresponding
with random diffusion of VEGF into and out of the microspheres.
Adapted from Impellitteri ez al. **' with permission from Elsevier. (C)
Lysozyme was exposed to free radicals in conditions mimicking that of
photoinitiated thiol-ene hydrogel polymerization. Higher radical
concentrations would result from higher photoinitiator concentrations (10
mM), as compared to lower photoinitiator concentrations (0.1 mM), and
from increased exposure time to light (plotted on x-axis). Increasing
radical exposure decreased the bioactivity of lysozyme, indicating the
importance of minimizing protein exposure to free radicals during gel
formation. Bioactivity was increased upon introduction of reactive thiol
and norbornene functional groups, supporting the protective effect of
thiol-ene chemistry during hydrogel formation relative to acrylate
homopolyermization (data not shown). Adapted from McCall and Anseth
323 with permission from ACS Publishing. (D) FITC-labeled ovalbumin
was released from thiol-functionalized ethoxylated polyol ester/PEG-
diacrylate based hydrogels of different compositions. By changing the
ratio of the macromers within the hydrogel, the rate of release and the
overall release profiles were tuned over a wide range of timescales.
Adapted from Langer and coworkers *>* with permission from Wiley.

McCall and Anseth compared the efficacy of photoinitiated thiol-norbornene
or acrylate only reactions for the encapsulation of a model protein lysozyme within
PEG-based hydrogels.’” At equal functional group concentrations (40 mM acrylate or
40 mM norbornene with 40 mM thiol) and the same photoinitiator concentration (1
mM LAP, 10 mW/cm® at 365 nm for <5 min), the rapid thiol-norbornene system

maintained a higher level of lysozyme activity after encapsulation and release than the
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slower (oxygen-inhibited) acrylate-based chain-growth system. This result was
attributed to the protective effect of thiol-ene chemistry during hydrogel formation,
which may limit the overall protein exposure to damaging free radicals in the gel-
forming solution compared to acrylate homopolymerization (Fig. 1.8).

Hydrogel degradation rates can be engineered to respond to microenvironment
conditions (e.g., enzymes, reducing conditions, pH), allowing triggered release of a
protein therapeutic. For example, PEG-based hydrogels formed by thiol-norbornene
photopolymerization ~with  cysteine-functionalized, enzyme-sensitive peptide
crosslinks were developed and used for protein release by Anseth and coworkers.'®
The crosslinks contained a sequence (CGAAPVRGGGGC) that degrades in the
presence of human neutrophil elastase (HNE), an enzyme upregulated at the site of

inflammatory disease and injury.**

The model protein BSA was released from these
hydrogels upon the application of human neutrophil elastase.'® Notably, no protein
release was observed in the absence of the enzyme, demonstrating that the protein
release was controlled by the degradation of the hydrogel in the presence of HNE.

In an alternative approach to localized protein release, Kharkar et al. formed
PEG-based hydrogels sensitive to glutathione, which is elevated in tumors, using
thiol-maleimide chemistry.”**>*" Hydrogels encapsulating BSA were formed with
PEG-maleimide and PEG functionalized with different thiols that influenced hydrogel
degradability. Approximately 40% of BSA was released from all compositions as a
result of initial swelling; however, when the thiol-containing macromer contained an
electron-withdrawing aryl group (PEG-4-mercaptophenylacetic acid), an additional

50% of the BSA was released in the presence of 10 mM glutathione over the course of

7 days. Negligible additional release was observed over 7 days for the compositions
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that were glutathione-insensitive, collectively demonstrating promise for tailoring
protein release within tumor microenvironments.

While PEG-based materials are often commercially available and a number of
them are FDA-approved,’*® there is a limit to the tunability one can achieve simply by
varying the end groups and functionality of PEG-based monomers. Langer and
coworkers synthesized a library of thiol-functionalized ethoxylated polyol esters and
reacted them with PEG-diacrylate to form a library of hydrogels with highly tailorable
rates of degradation.’”* By changing the thiol composition of the hydrogel from 100%
thioglycolate-functionalized ethoxylated polyol ester to 100% thiolactate-
functionalized ethoxylated polyol ester, the time for complete hydrogel degradation
was varied from ~ 12 days to ~ 38 days. The release of many model macromolecules
(3, 10, 20, and 40 kDa FITC-dextrans; FITC-labeled ovalbumin; and Alexa Fluor 647
IgG) was controlled by changing the chemical identity of the polyol esters and by
using multiple polyol esters within a single hydrogel. For example, FITC-labeled
ovalbumin was released from the hydrogel over the course of ~ 4 days to ~ 25 days,
depending on which of the six thiol-containing polyol esters was used to form the
hydrogel (Fig. 1.8). In a follow-up work, trehalose, a disaccharide known for its
protein-stabilizing properties, was incorporated within these hydrogels.”” Trehalose
diacrylate was mixed with PEG-diacrylate at various ratios and reacted with thiol-
functionalized polyol esters for a total of 25 wt% polymer in the final hydrogel. When
100% of the acrylate groups came from trehalose (i.e., 0% from PEG-diacrylate),
nearly 100% of active horseradish peroxidase encapsulated in the gel was recovered
within ~ 4 days. In contrast, when 6.25% of the acrylate groups came from trehalose

(i.e., 93.75% from PEG-diacrylate), less than 3% of the horseradish peroxidase was
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recovered in active form within ~ 12 days. Covalent incorporation of trehalose also
maintained the activity of two other model proteins, glucose oxidase and o-
chymotrypsin. Although the mechanism of trehalose-mediated protein stabilization is
not fully understood, trehalose is produced by many plants and animals in response to
osmotic, high temperature, and other stresses, and it is thought to stabilize proteins by
making protein unfolding more thermodynamically unfavorable.”*® This concept may
motivate additional approaches for stabilization of proteins in hydrogels.

Natural polymers and their derivatives also have been used to make hydrogels
for protein release. For instance, Peng ef al. reacted dextran-maleimide with thiol-

1.3! The cis/trans

containing azobenzene to form a photo-responsive dextran hydroge
isomerization of azobenzene was used to release green fluorescent protein in a light-
responsive manner (100 W at 365 nm). Beyond model proteins, hyaluronic acid-based
hydrogels have been used to deliver two growth factors, stromal cell-derived factor-1
(SDF-1) and BMP-2, to promote hMSC infiltration and differentiation for bone
regeneration in an animal model.”* These hydrogels were formed in situ by a
Michael-type reaction between hyaluronic acid-maleimide, a dithiol MMP-degradable
peptide (GCRDVPMSMRGGDRCG), and a thiol-functionalized RGD peptide
(GCGYGRGDSPQG). Limited release of these growth factors occurred by diffusion,
but in the presence of the enzyme collagenase, the gel crosslinks were degraded and
growth factors were released from the hydrogel. Complete degradation was observed
within 9 days with 1 U ml”' collagenase and within 4 days with 2 U ml™ collagenase.
Toward modulating myofibroblast activities and tissue regeneration after myocardial

infarction, Burdick and coworkers also created injectable, MMP-degradable,

hyaluronic acid-based hydrogel for delivery a recombinant tissue inhibitor of MMPs
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(rTIMP-3).>* The hydrogel was formed by conjugating a thiol- and hydrazide-
functionalized MMP-degradable peptide (GGRMSMPYV) to maleimide-functionalized
hyaluronic acid. The hydrazide-functionalized MMP-degradable hyaluronic acid
macromer was then reacted with aldehyde-functionalized hyaluronic acid to form a
hydrogel in situ upon injection. Additionally, aldehyde-functionalized dextran
sulphate was incorporated into the hydrogel to sequester encapsulated rTIMP-3
through electrostatic interactions. The hydrogel/TIMP-3 construct was delivered to a
region of MMP overexpression in a porcine myocardial infarction model, resulting in
significantly reduced MMP activity and adverse left ventricular remodeling. The study
demonstrated the ability to locally release an MMP-inhibitor as needed in response to

MMP-overexpressing pathologies.

1.8 Dissertation Summary

This dissertation reports the design of multimodal hydrogels that are
responsive to biologically relevant endogenous and exogenous stimuli for delivery of
cargo molecules such as therapeutic proteins, growth factors, and immunomodulatory
agents. This introduction, Chapter 1, reviewed several topics important to this project
including design criteria, material for hydrogel preparation, hydrogel crosslinking
chemistries, degradable chemistries, and present drug delivery technologies. In
Chapter 2, we focused of design of the hydrogels that are responsive to endogenous
stimuli: thiol-rich reducing microenvironment that is found in carcinoma tissue and
aqueous microenvironment. Incorporation of aryl thiol based succinimide thioether
along with ester linkages demonstrated degradation via retro-Michael and subsequent
thiol exchange reaction and ester hydrolysis, respectively. Chapter 3 will introduce

incorporation of o-nitrobenzyl ether based functional groups within polymeric
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monomers for hydrogel formation. Hydrogel degradation kinetics in response to
externally applied cytocompatible light, reducing conditions, and hydrolysis were
characterized, and degradation of the gel was controlled over multiple time scales
from seconds to days. In Chapter 4, a novel PEG-heparin hydrogels for delivery of
low molecular weight proteins is demonstrated via receptor-host interaction and
degradation-mediated controlled release. Chapter 5 will conclude this doctoral
dissertation by summarizing major discoveries for increasing our understanding of

degradable chemistries to tune the rate of degradation and cargo release.

69



Chapter 2

DUALLY DEGRADABLE CLICK HYDROGELS FOR CONTROLLED
DEGRADATION AND PROTEIN RELEASE

2.1 Introduction
Click reactions have garnered significant interest in the broader areas of

materials science and bioconjugation owing to their fast reaction kinetics, high

regioselectivity, and efficient reaction yields, all under mild conditions.”- *'> #2% 334

Many click chemistries have been applied to the production of materials, including the

traditional azide-alkyne, Diels-Alder, Michael addition, thiol-ene, and oxime

26, 222

reactions. In particular, click reactions that do not require a catalyst or initiator

and are free of byproducts, such as the reaction of maleimides and thiols, are useful for
biological applications owing to their cytocompatibility in the presence of proteins,

: 335-336
cells, or tissues.

Utilizing these reactions, injectable hydrogels can be easily
created as delivery vehicles for therapeutics, particles, or cells.’"” *** *'* In this
application, temporal changes in material properties caused by degradation allow the
controlled release of therapeutics, the elaboration of secreted matrix by encapsulated

or infiltrating cells, or the spreading, migration, and release of encapsulated cells."*®

337-338

Cleavage of the click linkages provides an attractive and relatively cost-
effective approach to incorporate degradability without the use of more complex
components, such as degradable peptides or proteins. Recent studies have

339-340
1

demonstrated the degradability of click crosslinks under mechanica and
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309, 341 . ”» .. .
177 " stresses; however, such reaction conditions can limit the translation of

therma
these approaches into clinical applications owing to the limited cytocompatibility of
their associated stimuli. Overcoming this limitation, Baldwin and Kiick have recently
introduced thiol-maleimide click reactions in solution and within PEG-heparin
hydrogels that are sensitive to reducing microenvironments found in vivo.** *7
Opportunities to exploit these strategies for controlled delivery of encapsulated cargo
molecules, however, have not yet been demonstrated.

Despite recent technological advances, the delivery of therapeutic proteins
(e.g., Trastuzumab, Bevacizumab, Rituximab) and small molecule drugs (e.g.,
Fluorouracil, Paclitaxel) remains a major challenge in the treatment of many diseases,
including cancer.’* In approaches for cancer treatment, delivery to the site of a tumor

** Injectable

is critical for therapeutic success and minimization of side effects.
hydrogel-based drug carriers offer advantages for these applications, enabling the
efficient encapsulation of cargo molecules while maintaining bioactivity for localized

3 - .
2413935 Depending on the

delivery at a preprogrammed rate or responsive manner.
cargo molecule of interest, the rate of release can be controlled by diffusion,
degradation, affinity, or a combination of these mechanisms through hydrogel design.
Degradation-mediated release is a versatile approach for the temporally controlled
delivery of numerous payloads, from hydrophilic proteins to small molecules caged
within nanoparticles, without chemical modification of the therapeutic, which can

affect drug efficacy and clinical translation.'®* **3%7 Several strategies have been

employed to incorporate degradability within the hydrogel by inclusion of labile

274, 348 207, 276, 349

crosslinks, including esters, photolabile groups, , and enzyme-sensitive

linkers.'®* %% As will be elaborated below, linkers that are sensitive to reductants are
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attractive and simple for controlled release in cancerous tissues, which have elevated
levels of sulfur-containing compounds.*

Accordingly, reduction-sensitive disulfide linkages have been widely used for
intracellular delivery of DNA, siRNA, proteins, and therapeutic drugs.””'?> These
strategies rely on rapid destabilization of the drug carrier due to reduction of disulfide
bonds in the presence of glutathione (GSH) tripeptides, one of the major sulfur-
containing compounds found at elevated levels within cancerous tissues and cells.>*
37 Since the intracellular concentration of GSH (ca. 0.5 mM to 10 mM) is 100 to 1000
times higher than the extracellular concentration (ca. 0.001 mM to 0.02 mM), efficient
intracellular delivery of cargo molecules has been achieved using disulfide

chemistry. > **

However, the rapid rate of degradation of disulfide linkages provides
limited control over material degradation and cargo release, and GSH-sensitive linkers
that permit controlled extracellular delivery over days to weeks thus have been less
explored. In addition, since the concentration of GSH is higher in carcinoma tissues
than in healthy tissues due to abnormal proliferative activities of cancer cells,”>®*" 3>
reducing sensitive chemistries incorporated within drug delivery carriers offer great
potential for localized cancer treatment. To address this need and opportunity, we
present reducing microenvironment-sensitive hydrogels that undergo tunable
degradation on the order of days to weeks for controlled protein delivery,
demonstrating the broad utility of the click bond cleavage and thiol exchange reaction
as a general strategy not only to control degradation but also to control the release of
cargo molecules locally from a bioinert delivery vehicle.

Specifically, we describe the development of multimode, degradable

poly(ethylene glycol) (PEG) hydrogels using Michael-type addition and exchange
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reactions by incorporation of select thioether succinimide crosslinks. These hydrogels
are composed of multifunctional PEG crosslinked using thiol-maleimide click
chemistry and can undergo degradation by two mechanisms: i) cleavage of click
linkages and thiol exchange reactions in the presence of GSH and ii) ester hydrolysis.
To achieve this, multiarm PEG macromers were functionalized with different
mercaptoacids and reacted with maleimide-functionalized PEG, creating hydrogels
that degrade by either hydrolytic or hydrolytic and thiol-exchange mechanisms.
Hydrogel degradation was monitored in physiologically-relevant GSH
microenvironments via oscillatory rheometry and volumetric swelling measurements
to assess the degradation kinetics. The ability to incorporate and selectively release a
cargo molecule was investigated by monitoring, via fluorescence spectroscopy, the
release of bovine serum albumin (BSA) as a model protein. The ability to precisely
control hydrogel degradation and thus the release profile of cargo molecules using
cleavage of click linkages offers exciting avenues for designing biomaterials for drug

delivery and tissue engineering applications.
2.2 Materials and Methods

2.2.1 Materials

4-arm hydroxyl-functionalized poly(ethylene glycol) (PEG-4-OH, 10000 g
mol™), 4-arm thiol-functionalized PEG (PEG-4-SH, 10000 g mol™"), and linear
maleimide-functionalized PEG (PEG-2-MI, 5000 g mol™) were purchased from
JenKem Technology USA Inc. (Allen, TX). 3-Mercaptopropionic acid (MP), 4-
mercaptophenylacetic acid (MPA), p-toluenesulfonic acid monohydrate (PTSA),

triethylamine (TEA), dithiothreitol (DTT), and glutathione (GSH) were purchased
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from Sigma-Aldrich (St. Louis, MO). Trifluoroacetic acid (TFA) and all solvents were
obtained from Fisher Scientific (Pittsburgh, PA). Bovine serum albumin labeled with
Alexa Fluor 488 (BSA-488) was purchased from Life Technologies (Grand Island,
NY). All commercially available reagents were used as received without further

purification unless otherwise noted.

(o]

3 3 I
'\I‘g\/O%O): + HOJI\R/SH _a) vgvoMO){‘LR’SH + H,0

HOJL reSH T HOJJ\/\SH HO

3- mercaptopropionic acid 4-mercaptophenylacetic acid

Figure 2.1 Functionalization of 4-arm PEG. Schematic of the synthesis of thiol-
functionalized PEG. (a: Toluene, PTSA, ~110 0C)

2.2.2 Synthesis of Mercaptoacid-based PEG-thiols

PEG was modified with MP or MPA functional groups based on modified
versions of previously published protocols.”" ** Briefly, PEG-4-OH (0.1 mmol),
mercaptoacid (4 mmol), PTSA (0.04 mmol), and toluene (20 mL) were added to an
oven-dried round-bottom flask equipped with a reflux condenser. The reaction setup
was purged with nitrogen under room temperature. The reaction (Fig. 2.1) was heated
to reflux (110 °C) and stirred for 48 hours, and generated water was collected by using
a Dean-Stark trap. Upon completion, the reaction was cooled to room temperature, and
the functionalized PEG precipitated three times in ethyl ether. The product was
recovered by vacuum filtration and rinsed with 2-propanol followed by hexane. The

dried polymer product (1 equiv) was reduced in toluene using DTT (1 equiv) and TEA
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(1 equiv) for 5 hours, under inert atmosphere. The finished reaction was acidified with
TFA (1.1 equiv), and the polymer was again precipitated in ethyl ether and recovered
by filtration. Subsequently, the polymer was dissolved in methanol, and the mixture
was filtered through a 0.22 pum filter followed by precipitation in 2-propanol and
vacuum filtration. The solid product was rinsed with copious amounts of 2-propanol
and hexane. The final dried polymer was obtained by removal of residual solvents
under reduced pressure. The degree of thiol functionalization of the polymer was
characterized via '"H NMR spectroscopy, using a Bruker AV 400 NMR spectrometer
(Bruker Daltonics, Billerica, MA) with CDCIl; as the solvent and TMS as the

reference.

PEG-4-MP

The general procedure for synthesis of PEG-thiol was followed using MP as the
mercaptoacid to yield PEG-4-MP. The final polymer was obtained as a white solid
(0.6 g, 74% yield). The functionality was estimated to be 92% based on integration of
the proton neighboring the ester linkage relative to the PEG backbone protons. (Fig.
S1 B). '"H NMR (400 MHz, CDCls) &: 4.28 (8H, t), 3.90-3.35 (900H, bs), 2.82-2.62
(16H, m), 1.68 (4H, t).

PEG-4-MPA

The general procedure for synthesis of PEG-thiol was followed using MPA as the
mercaptoacid to yield PEG-4-MPA. The final polymer was obtained as a white solid
(0.54 g, 66% yield). The functionality was estimated to be 90% based on integration of

the proton neighboring the ester linkage relative to the PEG backbone protons (Fig. S1
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C). "H NMR (400 MHz, CDCl3) &: 7.24-7.08(16H, m), 4.24 (8H, t), 3.90-3.35 (900H,
bs), 3.42-3.39 (4H, s).

2.2.3 Gelation Time and Rheology Characterization

Hydrogel precursor solutions were prepared by dissolution of thiol- and
maleimide-functionalized PEG (5% w/w) in citric acid buffer (pH 5) and phosphate-
buffered saline (pH 7.4), respectively. Slightly acidic conditions allowed tuning of the
gelation time (i.e., increased gelation time) due to the reduced nucleophilicity of
thiolate species under acidic conditions;** **° these polymerization conditions
previously have been shown to be effective for use in cell/protein studies in vitro.*®!
Gelation time was studied qualitatively using the tube inversion method. Briefly, the
hydrogel precursor solutions were mixed (100 pL) and immediately pipetted into a
glass vial. In five-second intervals, vials were inverted to observe if the solution
flowed. The timepoint at which the solution did not flow was recorded as the gelation
time.

For rheological studies, the hydrogels were formed directly on the rheometer
(AR-G2, TA instruments, USA) by mixing the precursor solutions (1:1
maleimide:thiol molar ratio resulting in 5 % w/w hydrogels), immediately pipetting
onto a Peltier plate at 25 °C, and commencing measurements (120 um gap). Gelation
at room temperature ensured that the gelation time was sufficiently slow to allow good
mixing of precursor solutions on the Peltier plate prior to gelation. This also allowed
the gels to form homogeneously so that all gels had similar moduli prior to protein
release experiments. The gelation time and final shear modulus of the hydrogel were
determined using rheometry experiments. Frequency sweeps were performed to

determine the linear viscoelastic regime (0.01 to 10 % strain at 6 rad/s). Using a 20-
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mm diameter parallel plate geometry, time-sweep measurements were obtained within
the linear viscoelastic regime (1 % constant strain mode at a frequency of 6 rad/s) at

25 °cC.,

2.2.4 Hydrogel Degradation Characterization

For hydrogel degradation studies, polymer precursor solutions (5% w/w) were
mixed in a 1:1 maleimide:thiol molar ratio and pipetted into a cylindrical mold
(diameter = 4.6 mm, thickness = 1.8 mm). The solutions were allowed to gel for two
hours at room temperature to ensure maximum possible crosslink density was
achieved for all samples. The rheological data showed that once the gels have been
formed (i.e., stable storage moduli is achieved at 30 min), the moduli remain
consistent through 2 hours. The resulting hydrogels were washed with PBS and
incubated, at room temperature, in 5 mL of PBS buffer (pH 7.4) containing GSH (0
mM, 0.01 mM or 10 mM) over the experimental time period. The pH of the buffer
after GSH addition was adjusted to a pH of 7 by addition of 0.1 M sodium hydroxide.
Degradation was monitored by measuring volumetric swelling and shear modulus. For
the shear modulus measurements, time sweeps were performed within the linear
viscoelastic regime for each sample (2 rad/s, 2% strain, and 0.25 N normal force in

order to prevent hydrogel slip).

2.2.5 Volumetric Swelling and Mesh Size Calculations

Hydrogel discs (diameter = 4.6 mm, thickness = 1.8 mm) were placed in PBS
buffer with 0 mM, 0.01 mM, or 10 mM GSH at room temperature and gently rocked.
Samples were removed at respective time points, and the diameters of hydrogels were

measured using a Vernier caliper, whereas the height was determined using the
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rheometer gap values. Volume of the hydrogel at each time points was determined
based on measured diameter and height and assuming cylindrical geometry. The %
volumetric swelling at each time point was calculated by normalizing to the volume of

the gel immediately after formation (day 0 before equilibrating with PBS).

2.2.6 Protein Release

For protein release experiments, polymer precursor solutions (5% w/w) were
mixed in a 1:1 maleimide:thiol molar ratio along with BSA-488 (loading concentration
1.2 mg/ml) and added to a cylindrical mold (diameter = 4.6 mm, thickness = 1.8mm).
The solutions were allowed to gel for two hours at room temperature. Hydrogel discs
were immediately washed with PBS thrice to remove any non-encapsulated BSA-488
and then gently rocked at room temperature in 5 mL of PBS buffer with GSH (10
mM). The amount of BSA-488 present in the hydrogel was calculated by subtracting
the amount of BSA-488 released during wash steps from the amount of BSA-488 that
was initially loaded into the gel. At each time point, a 100-pL aliquot of the sink
solution was removed for protein release measurements and replaced by 100 pL of
fresh GSH in PBS. The released BSA-488 was quantified by fluorescence
measurements using a microplate reader (Synergy H4, BioTek Inc., Winooski, VT)
taking into account the cumulative sample dilution due to removal and addition of
fresh GSH in PBS at each time point measurement (see Supporting Information). To
estimate the concentration of released BSA-488, a calibration curve for the
fluorescence of BSA-488 as a function of its concentration was acquired. The release
of the BSA was monitored via SDS-PAGE analysis of the solutions removed at each
timepoint; 7 pL of sink solution containing released protein was loaded onto a

standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for
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analysis. The concentration of protein in each band was quantified with densitometry

analysis using the gel analysis function in ImageJ (version 1.46).

2.2.7 Statistical Analysis

Results are expressed as mean + standard error of mean (SEM) unless
otherwise specified. Monomer synthesis reactions were performed in duplicate.
Hydrogel formation experiments were performed in triplicate. Degradation and protein
release studies were performed in duplicate with 3 hydrogels per condition at each
experimental time point. Statistical comparisons were based on analysis of variance

(ANOVA) and p < 0.05 was considered statistically significant.
2.3 Results and Discussion

2.3.1 Hydrogel Compositions for Control of Degradation

Many natural and synthetic polymers have been used for hydrogel formation,
with polymer selection partly dictated by the application of interest.”® PEG-based
hydrogels are well suited for drug delivery applications owing to their
biocompatibility, lack of protein binding sites, and the ease of engineering their
properties.'® The facile functionalization of the hydroxyl end groups of PEG allows
the incorporation of different chemical functionalities for hydrogel formation in the
presence of proteins and cells and for controlled degradation. Exploiting these
advantages, PEG-OH was functionalized with alkyl (MP) and aryl (MPA) based

mercaptoacids utilizing established protocols.”" **

These thiol end groups act as
nucleophiles and react rapidly with maleimide functional groups to form crosslinks by
a Michael-type addition reaction. Michael-type addition reactions are highly efficient

and versatile reactions that occur under physiological conditions without byproducts
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and have been used to crosslink cytocompatible hydrogels.””” *** %% Here, the
composition of the hydrogel was varied to enable microenvironment-controlled
degradation and protein release (Fig. 2.2). PEG-4SH-based hydrogels (Control),
which contain water stable ether bonds, served as a non-degradable control owing to
lack of any degradable functional groups. Owing to the presence of ester linkages,
MP-based hydrogels (one degradable group, D1E) undergo ester hydrolysis, whereas
the MPA-based hydrogels (two degradable groups, D2ER) undergo ester hydrolysis

and click bond cleavage and thiol exchange reactions.
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Figure 2.2 Hydrogel formation via click reaction. Degradable PEG hydrogels were
synthesized by Michael type addition reaction between thiol
functionalized 4-arm PEG (PEG-4-SH) and maleimide functionalized
linear PEG (PEG-2-MI). The thiol-functionalized macromers were
synthesized by esterification of PEG using two different mercaptoacids
(Scheme 1). The identity of the thiol was varied to tune the degradability
of the hydrogels (Control: no degradable groups; D1E: one degradable
group per crosslink (i.e., ester linkage); and D2ER: two degradable
groups per crosslink (i.e., ester and reducing environment susceptible
click = linkages).

2.3.2 Consistent Hydrogel Formation

Dynamic time sweep experiments were conducted to study hydrogel gelation
kinetics and final hydrogel moduli. Data were acquired within the linear viscoelastic
regime. After vortexing the precursor solutions, the storage and loss moduli were
recorded as a function of time. Representative results for the D2ER hydrogel
formation are shown in Fig. 2.3A. The crossover point (i.e., G'=G"), which is an
indirect measurement of the gel point, was not observed due to the rapid onset of

gelation before the first data point was acquired; the gelation time thus was semi-
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qualitatively determined by the tube inversion method.’® Faster gelation was observed
for D2ER (~20 sec) compared to D1E (~35 sec) and Control (~40 sec) hydrogels; this
rapid gelation is consistent with the reported kinetics of thiol-maleimide reactions.*®*
The time difference for gelation between D2ER, D1E, and Control can be attributed
to the thiol reactivity (D1E and Control, alkylthiols pK, = 10.2; D2ER, arylthiols pK,
= 6.6).”°7% The difference in thiol reactivity of Control, D1, and D2ER essentially
arises from the mesomeric effect provided by the aromatic ring in the case of D2ER,

making it more nucleophilic than Control and D1E.
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Figure 2.3 Modulus evolution during hydrogel formation. (A) Time-sweep
measurements on an oscillatory rheometer were utilized to monitor
hydrogel formation (D2ER hydrogel shown). Although formation of a
gel is clearly observed, samples polymerize too quickly for measurement
of the gel point with rtheometry. To estimate the time to initial gelation,
the tube-tilt method was utilized (inset images), where faster gelation was
observed for D2ER (~20 s) as compared to Control (~40 s) and D1E
(~35 s) hydrogels. For better visual assessment, Allura Red AC dye was
added to the precursor solution (0.5 mg/ml) for tube-tilt measurements.
(B) Irrespective of the identity of the thiol used for the hydrogel
formation, the storage moduli for all three hydrogels post-gelation were
statistically similar, indicating similar structural and mechanical
properties. The data shown illustrate the mean (n = 3), with error bars
showing the standard error.

82



Presence of aromatic ring in D2ER results in higher nucleophilicity due to
mesomeric effect, which dictates the thiol reactivity. With increasing time, the storage
modulus (G') increases rapidly without a significant increase in loss modulus (G").
These data highlight the elastic nature of the network. Time to achieve final storage
moduli varied depending upon the identity of thiol groups, which again can be
attributed to the thiol reactivity (D2ER: ~15 minutes; D1E: ~30 min; and Control:
~34 min). Although the experiments were performed at the room temperature (25 °C),
the gelation time and time to achieve the final storage moduli can be further decreased
by forming hydrogels at elevated temperatures.

Material modulus is directly correlated with the crosslink density as per the
theory of rubber elasticity.®’ The final storage moduli, which is defined as the value
of G' after reaching plateau, for Control, D1E, and D2ER hydrogels were examined
to compare the consistency in crosslink density between the different compositions
(Fig. 2.3B). The final post-gelation, equilibrium-swollen G' were recorded after
complete gelation for Control, D1E, and D2ER. As indicated in the figure, the post
gelation equilibrium G' was ~2.3 kPa for all three compositions. There were no
statistically significant differences between the final plateau moduli of the various gels
(one-way ANOVA, p = 0.88), indicating that the use of different thiols did not affect
the final crosslink density substantially. Side reactions such as disulfide formation and
maleimide ring hydrolysis alter the reactivity of the thiol and maleimide groups and
thus could affect the number of functional groups available for hydrogel formation
(Figure 2.9), potentially decreasing the final moduli for a particular composition. The
lack of a statistically significant difference between the final equilibrium G' values

thus also suggests that there were no significant differences in the extent of these side
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reactions for the various hydrogel compositions. These results suggest that differences
in gelation for Control, D1E, and D2ER did not significantly contribute to network
defects due to strict 1:1 stoichiometry and relative rate of Michael-type addition as
compared to other defect forming side reactions. Further, the molecular weight of the
PEG chains for the gel compositions investigated here was selected to minimize any
looping, unreacted functionalities, and other related network defects based on studies

of related PEG hydrogels in the literature.’®

The similarity of the initial crosslink
densities between the Control, D1E, and D2ER hydrogels allow the study of the

degradation kinetics by direct monitoring of changes in G' as a function of time.

2.3.3 Degradation in a Reducing Microenvironment

In order to evaluate the most rapid hydrogel degradation that might be
observed in physiologically relevant reducing microenvironments, as well as to
evaluate the associated degradation mechanism, the higher GSH of 10 mM first was
examined. Potential degradation mechanisms for each hydrogel composition are
described in Fig. 2.4. Thioether succinimide linkages formed using arylthiols (D2ER
hydrogels) can undergo thiol exchange in the presence of exogenous thiols (a GSH-
rich microenvironment) in contrast to alkylthiols (Control and D1E), which are stable

within the experimental time frame (stable at t < 6 days).””

The presence of ester
linkages in the D1E and D2ER hydrogels allows degradation by ester hydrolysis over
longer time scales (stable at t > 1 month to 2 years depending upon neighboring
groups).”® A potential hindrance to degradation by the thiol exchange mechanism is
possible hydrolysis of the maleimide ring, which leads to ring opening and the

formation of an irreversible crosslink. However, the rate of maleimide ring hydrolysis

is significantly slower (by one order of magnitude) than the competing click cleavage
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and thiol exchange reaction (k = 3.7 x 102 h™' for click cleavage and thiol exchange, k
= 3.3 x 10° h' for maleimide ring hydrolysis).””” Consequently, we assume that
changes in G' for D2ER hydrogels are dominated by mainly thiol-exchange reactions
in reducing microenvironments and by ester hydrolysis in non-reducing

microenvironments.
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Figure 2.4 Multimode hydrogel degradation. Schematic of the click bond cleavage
and thiol exchange reaction of thioether succinimide linkages under a
glutathione (GSH) reducing microenvironment and by ester hydrolysis.
The D1E hydrogels can only undergo degradation by ester hydrolysis.
D2ER hydrogels can undergo degradation by ester hydrolysis and by
thiol exchange reactions, owing to the presence of arylthiol-based
thioether succinimide linkages. Owing to the lack of degradable
functional groups, control hydrogels do not degrade in aqueous reducing
microenvironments. The rate and extent of the click bond cleavage
depends on the Michael donor reactivity and thiol pK,.
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Oscillatory rheometry and volumetric swelling measurements were used to
study the degradation of the hydrogels (defined here as the scission of network
crosslinks) under thiol-rich reducing conditions. Degradation kinetics were assessed
by measuring the storage moduli of hydrogel discs that were suspended in solutions
containing 10 mM GSH (Fig. 2.5A). The storage moduli at each time point were
normalized to the initial modulus for that gel composition directly after formation (day
0 before equilibrating with PBS), where the initial gel has a normalized modulus of
100%. As illustrated in the figure, the Control and D1E samples exhibited an initial
decrease in G' to approximately 80% of the normalized value within 24 hours, but did
not exhibit any further rapid decrease in moduli after this point. The initial decrease
can be attributed to the equilibrium swelling that occurs after hydrogel formation. No
significant change was observed in G' post-equilibrium swelling for Control
hydrogels, which was expected since no degradable functional groups are present
within these hydrogels. A slight decrease in modulus over time was observed for D1E
hydrogels, which can be attributed to ester hydrolysis (calculated first-order rate
constant, k = 3.33 x 10 min™"). This rate constant compares well with the typical ester
linkage hydrolysis rate constant in hydrophilic polymer networks (1.33 x 107 to 7.33 x

10°min™) corresponding to half lives of 6 to 32 days.’®

The degradation rate constant
for D1E was found to be statistically different from the Control (two-tailed P value =
0.005), highlighting the role of ester linkages in the degradation of D1E (Fig. S2.4
and S2.5). In contrast, a rapid decrease in G' was observed for D2ER hydrogels, and
the reverse gel point, defined as complete hydrogel dissolution, was observed after

approximately 4 days (at 5700 minutes). The rapid decrease in G' indicates a

substantial decrease in crosslink density and can be attributed to the reversibility of the
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thiol-maleimide reaction and the consequent thiol exchange reactions that occur in the
presence of GSH. As the rates of ester hydrolysis and maleimide ring hydrolysis are
slow, the rapid rate of degradation of D2ER highlights the role of click bond cleavage

and thiol exchange reaction as leading cause of hydrogel degradation.
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Figure 2.5 Hydrogel degradation in reducing microenvironment by cleavage of
click bonds. Degradation of the hydrogel in a thiol-rich reducing
microenvironment (10 mM GSH) was studied by monitoring (A) the
storage modulus and (B) % volumetric swelling at discrete time points.
All compositions exhibit an initial change in properties over 24 h as
equilibrium swelling occurs. Due to the presence of the arylthiol-based
thioether succinimide crosslinks, D2ER hydrogels exhibited rapid bulk
degradation by click cleavage and thiol exchange reactions. The arrow
indicates the time point when reverse gelation was observed. DIE and
Control hydrogels were relatively stable during the experimental time
frame due to the absence of GSH-sensitive crosslinks. The data shown
illustrate the mean (n = 6), with error bars showing the standard error.

Temporal changes in the volumetric swelling also were examined for the
Control, D1E, and D2ER hydrogels that were suspended in 10 mM GSH (Fig. 2.5B).

All three hydrogel compositions showed an initial increase in the swelling as the
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hydrogels achieved equilibrium swelling. The Control and D1E hydrogels remained
stable after this initial swelling event (t > ~24 hours), whereas the volumetric swelling
for D2ER hydrogels continued increasing until complete degradation (gel dissolution)
occurred at 5700 minutes. The continuous increase in the swelling before complete
degradation for D2ER is consistent with a bulk degradation mechanism, as well as
with the rheometric measurements where the increases in swelling are commensurate
with observed decreases in modulus. Overall, these results indicate that well-defined
hydrogels can be designed to degrade in a reducing microenvironment with selection
of arylthiol-based thioether succinimide linkages. Such a system could prove useful in

the design of hydrogels for controlled and local delivery of anti-cancer drugs.

2.3.4 Influence of GSH Concentration on Hydrogel Degradation

To reject the possibility that the degradation of D2ER hydrogels under high
[GSH] conditions was substantially affected by ester hydrolysis, the mechanical
properties of D2ER hydrogels were monitored in solutions lacking GSH (0 mM
GSH). In addition, since thiol exchange reactions are dependent on GSH
concentration, we investigated an additional condition (0.01 mM GSH, D2ER
hydrogel), which mimics the extracellular GSH concentration. The storage moduli (G")
of hydrogels were measured at predetermined time points. The Control hydrogel
exhibited an initial decrease in G' over the first 24 hours, after which G' did not
change, irrespective of GSH concentration (0 and 10 mM, Fig. S2.4). As discussed in
Section 3.3, the initial changes in G' can be attributed to equilibrium swelling. The
constant moduli observed for timepoints after 24 hours indicate that the polymeric
crosslinks are stable within the experimental timeframe and do not undergo any

significant degradation. For D1E hydrogels, the storage moduli initially decreased,
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which again can be attributed to equilibrium swelling (Fig. S2.5). However, for the

DI1E hydrogel, the decrease in storage moduli continued past 24 hours, which would

be consistent with degradation via ester hydrolysis as discussed above.
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Figure 2.6 Influence of GSH concentration on hydrogel degradation. The effect of
GSH concentration (0, 0.01, and 10 mM) on D2ER hydrogel degradation
was studied by analyzing A) the decrease in the storage modulus, and B)
the % volumetric swelling. The dependence of the decrease in moduli on
GSH concentration indicates that the click cleavage and thiol exchange
reaction is the dominant degradation mechanism for the D2ER hydrogels.
The increase in volumetric swelling as a function of time before the
reverse gel point confirms bulk degradation of hydrogels. The arrow
indicates the time point when reverse gelation was observed for the 10
mM GSH condition. The data shown illustrate the mean (n = 6), with

error bars showing the standard error.

As shown in Fig. 2.6, the storage moduli varied as a function of GSH

concentration for D2ER hydrogels. For the 0 mM GSH condition, G' initially

decreased during the first 24 hours, owing to equilibrium swelling, followed by a slow

decrease in G' to 81% of its initial normalized value. The decrease after 24 h can be

attributed to ester hydrolysis (k = 1.35 x 10 min™, t,, = 35 days). For 0.01 mM GSH,

&9



G' decreases rapidly and complete gel degradation was observed at approximately 8
days (t ~200 h), indicating that the degradation mechanism in the presence of
glutathione is dominated by the reversibility of the thiol-maleimide reaction and the
resulting thiol exchange that is possible in the presence of GSH. Further, in
comparison with solutions containing 10 mM GSH, these data highlight the
dependence of the rate of D2ER hydrogel degradation on GSH concentration. At
lower GSH concentration, the free thiol groups (~14 uM) generated due to the click
bond cleavage compete with the free GSH thiols (~10 uM), since the concentration is
comparable. In this case, the GSH concentration is a limiting factor, and the rate of
degradation is significantly slower for 0.01 mM compared to the 10 mM GSH
condition, in which GSH is present in a large excess. Overall, these results indicate
that the D2ER hydrogels can undergo ester hydrolysis, but the rate of ester hydrolysis
is very slow (under 0 mM GSH k ~ 10 min™"). As rapid degradation of D2ER
hydrogels is observed under reducing conditions (10 mM GSH k ~ 10 min™), the
data clearly indicate that the click bond cleavage and thiol exchange reaction is the
primary mechanism for gel degradation. Further, to verify that D2ER hydrogels can
undergo complete degradation via ester hydrolysis, D2ER hydrogels were subjected to
basic conditions to accelerate ester bond hydrolysis (0.1 M sodium carbonate buffer,
pH 11.5) and exhibited complete degradation within 24 hours in the absence of a
reducing microenvironment, confirming the dual degradability of the hydrogels.

To further investigate the mode of degradation, temporal changes in the
volumetric swelling were monitored for D2ER hydrogels suspended in various
reducing microenvironments (Fig. 2.6B). During the first 24 hours, the volumetric

swelling increases for all three conditions, which can be attributed to initial hydrogel
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equilibrium swelling. After 24 hours, the volumetric swelling continuously increases

for the 0.01 mM and 10 mM condition over the course of degradation, which is

consistent with rheometric measurements. A bulk degradation mechanism is indicated

by this continuous increase in the swelling as a function of time.
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Figure 2.7 Reducing environment-dependent degradation Kinetics. (A) D2ER

hydrogels exhibited first order degradation kinetics in a strong reducing
microenvironment (10 mM GSH), whereas limited degradation is
observed in a thiol-lacking microenvironment (0 mM GSH), owing to the
slow rate of ester hydrolysis. Data point for 0 mM GSH at 2880 minutes
was identified as a significant outlier (Grubb’s test, p < 0.05) and hence
omitted during regression analysis. (B) D2ER hydrogels followed second
order reaction kinetics in a weak reducing microenvironment (0.01 mM
GSH). Later time points were omitted during the regression analysis, due
to large standard error, which can be attributed to experimental
limitations when handling soft, more liquid-like degraded gels. As a
whole, this study highlights the dependence of hydrogel degradation on
GSH concentration. The data shown illustrate the mean (n = 6), with
error bars showing the standard error. Black line indicates the linear fit
using regression analysis. Blue and red lines indicate 95% confidence
and prediction bands.

2.3.5 Degradation Kinetics
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Regression analysis was conducted to obtain further insight into the
degradation mechanism of D2ER hydrogels and the kinetics of associated degradation
reactions (Fig. 2.7). When exposed to 0 mM GSH, the decrease in storage moduli can
be attributed to ester hydrolysis. Owing to the highly swollen nature of the hydrogels,
and since the buffer is present in large excess, the water concentration during the
degradation time period can be assumed to be relatively constant. Hence, the reaction
kinetics was observed to be pseudo-first order with a rate constant 1.87 x 10~ + 5.83 x
10° min™'. The differences in the rate of ester hydrolysis calculated for the D2ER
(here) and D1E hydrogels (above) can be attributed to local hydrophobic domains
associated with aryl thiols in the D2ER gels, consistent with a previously reported
study by Schoenmakers et al. in which the rate of ester hydrolysis varied with local
hydrophobicity.””® When D2ER gels were exposed to 0.01 mM GSH, a rapid decrease
in G' was observed, consistent with the occurrence of both thiol exchange reactions
and ester hydrolysis. Because the theoretical concentration of thiol groups from PEG
is comparable to that of the thiol groups from GSH (see above), the rate of hydrogel
degradation is dependent both on the concentration of degradable functional groups
(which correlate with the crosslink density with 2 degradable groups per crosslink)
and the concentration of GSH. Consistent with this, the hydrogel degradation kinetics
were observed to be second order, with a rate constant 5.03 x 10° £ 0.16 x 10° mM™!
min”'. With a higher concentration of GSH, the D2ER hydrogel rapidly degrades. At
10 mM GSH, the GSH is present in large excess (~3 orders of magnitude as compared
to thiols present in the hydrogel), and thus the concentration of GSH can be assumed
to be constant during the experimental time frame. Thus, the rate of degradation is

dependent on only the crosslink density, and first order degradation kinetics regression
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analysis yields a rate constant of 1.75 x 10~ + 0.26 x 10™ min™. The degradation rate
constants for the Control, D1E, and D2ER hydrogels are been summarized in Table

2.

2.3.6 Controlled Release of a Model Protein

The ability to tune the rate of degradation by varying crosslink chemistry
offers opportunities to utilize these hydrogels for the controlled release of therapeutics
in response to the reducing microenvironment or at a preprogrammed rate by ester
hydrolysis. To study the applicability of these hydrogels for controlled release
applications, a fluorescently-tagged model protein, bovine serum albumin (BSA-488),
was encapsulated during hydrogel formation. BSA-488 was chosen as a model protein
for release studies since the hydrodynamic diameter (~ 7.2 nm)*®' is comparable to the
estimated hydrogel mesh size (~ 9 nm). The size of the BSA and mesh size calculated
for the hydrogels suggest that these materials would be useful for tailored release by
hydrogel degradation, upon which the mesh size becomes large enough to facilitate
protein release. Similarly, bioactive proteins (e.g., growth factors), therapeutic-laden
nanoparticles, or even cells could be released by this mechanism.

The release of BSA-488 was monitored by measuring fluorescence as a
function of time. The percent cumulative release was plotted as a function of time for
all three compositions (Fig. 2.8A). Approximately 40 % of BSA-488 was initially
released from all hydrogel compositions (Control, D1E, and D2ER hydrogels). This
release may be attributed to the increase in mesh size associated with initial
equilibrium swelling. The effective diffusion coefficient (D.) was calculated using a

371-372

modified form of Fick’s law and the value was found to be ~ 1.56 x 10 cm? sec”

' (see Supporting Information). This value of D, is in agreement with previously
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reported D, values for BSA release from PEG hydrogels.”’” D2ER hydrogels, which
undergo rapid degradation in reducing microenvironments owing to thiol exchange
reactions, exhibited degradation-dependent release, with ~95 % of the cargo released
after approximately 4 days, commensurate with when complete hydrogel degradation
was observed. This result suggests that the degradation reaction broadly modulates the
release of the cargo molecule. Here, the D, was found to be 5.70 x 10 cm® sec'. The
difference between the effective diffusion coefficients for the hydrogel compositions

correlates with the degradation profile of these hydrogels.
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Figure 2.8 Protein release in a reducing microenvironment. (A) Release of a
fluorescently-labeled model cargo protein, bovine serum albumin (BSA-
488), was monitored using fluorometry. The arrow indicates the time
point when reverse gelation (complete gel dissolution) was observed for
the D2ER hydrogel. While some protein is initially released from all
compositions upon gel equilibrium swelling, release from the Control
and D1E hydrogels after this is minimal, owing to no or slow hydrolytic
degradation, respectively, over the time course of the experiment.
Substantial, statistical differences (p < 0.05 for time points after complete
hydrogel degradation) in protein release are observed as the D2ER
hydrogel rapidly degrades by the click cleavage and thiol-mediated
exchange mechanism in addition to hydrolytic degradation. Differences
in the release profile of BSA-488 from D2ER, DIE, and Control
hydrogels highlight that the delivery of cargo molecules is controlled by
hydrogel degradation. The data shown illustrate the mean (n = 6), with
error bars showing the standard error. (B) SDS-PAGE analysis of
released protein. Lane 1: protein ladder; Lane 2: free BSA-488; Lane 3:
free BSA-488 suspended in reducing microenvironment (10 mM
GSH/PBS) with hydrogel precursor solution; Lane 4, 5, 6: supernatant
after protein release from Control, DIE, and D2ER hydrogel,
respectively. No major differences in the locations of the free BSA and
released BSA band are observed, confirming that the protein remained
intact during encapsulation and release. Further, analysis of the band
intensity by densitometry further supports the relative amounts of protein
released from each gel composition as determined by fluorescence
(Control: ~33%; D1E: ~36%; and D2ER: ~90%)).
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SDS PAGE was employed to assess the molecular mass of the released BSA as
an indirect measure of its stability during encapsulation and release from the various
hydrogel compositions (Fig. 2.8B). Lanes 2 and 3 in the figure, which served as
controls, were loaded with BSA-488 in PBS buffer containing 10 mM GSH prepared
at two different time points (i.e., just before electrophoresis and before starting the
release experiment for BSA-488, respectively). Lane 4, 5, and 6 were loaded with sink
solution containing released BSA-488 from the Control, D1E, and D2ER hydrogels,
respectively. No major differences were observed between the band locations. These
results suggest that there were no substantial changes in the overall hydrodynamic
volume or molecular weight of the protein during encapsulation and release.
Densitometry analysis was carried out using NIH Image J software. The band intensity
from lane 3 was normalized to 100%, and compared with the band intensity of
released BSA from the Control (~33%), D1E (~36%), and D2ER (~90%) hydrogels.
The results correlated well with the protein release data obtained using fluorescence
measurements. Taken together, these results suggest the utility of GSH-responsive
hydrogels as a drug carrier for controlled cargo release applications. However, for
applications where rapid release (~1 to 3 hours) of cargo is desired in response to
reducing microenvironment, disulfide linkages still may be more appropriate.

Few studies have reported the use of dually degradable hydrogels for tissue

o - L s 274,373
engineering and cell encapsulation applications,”*

and the use of dually degradable
hydrogels for controlled release applications has been limited. Recently, Wang and co-
workers investigated use of dually degradable hydrogels for protein release studies by
incorporating an enzymatically degradable hyaluronic acid based backbone and

4

chemically cleavable disulfide linkages.””* Depending on concentration of
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hyaluronidase and GSH, the hydrogel exhibited significant degradation within the first
~1.5 to 5 hours, and complete release of a cargo molecule (stromal cell-derived factor
la, 100 ng) was achieved within approximately 8 hours. The click cleavage and
subsequent thiol exchange system presented here undergoes degradation on a
significantly longer timescale (~ 4 days) offering advantages for controlled drug
delivery, where wider control over degradation can help transition to clinical
applications. In addition, incorporation of ester linkages affords long term clearance of
these hydrogels from in vivo microenvironments due to ester hydrolysis and

subsequent degradation.

2.4 Conclusion

In this work, we report dually degradable PEG hydrogels in which degradation
can be tailored, without affecting hydrogel formation, by the Michael-type addition of
select functional groups that yield crosslinks with tunable, and previously unexplored,
degradation mechanisms. This facile approach enables hydrogel formation by broadly
useful thiol-maleimide click chemistry employing arylthiols, while eliminating the
need for the additional incorporation of more complex and potentially costly labile
chemistries within the crosslinker to facilitate degradation, such as enzyme-labile
peptides. The rate of hydrogel degradation was found to be dependent upon the
chemistry of linker, the number of degradable crosslinks, and the concentration of the
reducing microenvironment. The release of a model protein from these hydrogels
demonstrates the potential of these matrices and approaches for controlled release
applications in thiol-rich reducing microenvironments. Control of degradation rates
permitted a 2.5-fold difference in protein release for the dually degradable (D2ER) as

compared to the non-degradable (Control) or single-mode degradable (DI1E)
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hydrogels. In principle, this strategy could easily be employed for controlled release
over different time frames using combinations of these thiol functional groups within a
single hydrogel or utilized in conjunction with more elaborate degradable chemistries
when desired for more complex degradation and release profiles. The degradation of
hydrogels by cleavage of click linkages presents considerable opportunities in the
design of materials for controlled drug delivery and soft tissue engineering

applications.
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Figure 2.9 Functionalization of PEG. A) Reaction schematic for mercaptoacid
esterification of PEG. 'H NMR spectra for 4-arm PEG functionalized
with B) 3-mercaptopropionic acid and C) 4-mercaptophenylacetic acid.
The functionality was calculated using the integration area of the proton
(labeled b) neighboring the ester linkage (functionality: MP = 92%, MPA
=90%).
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Figure 2.10 Potential side reactions. Hydrogel precursor solutions can undergo (A)
disulfide formation and (B) maleimide ring hydrolysis, which can impact
the effective stoichiometry of available SH:MI groups for hydrogel
formation. (C) Thioether succinimides can undergo ring hydrolysis,
making the thioether succinimide linkage unavailable for thiol exchange
reactions. However, the rate of ring opening is significantly slower as
compared the thiol exchange (order of magnitude different). In addition,
ring hydrolysis does not result in breaking of crosslinks and subsequent
hydrogel degradation.
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Figure 2.11 Stability of Control and DI1E hydrogels under non-reducing and
reducing microenvironment. The effect of local microenvironment (0
and 10 mM GSH) on (A) Control and (B) D1E hydrogel was studied by
monitoring the decrease in storage modulus at discrete time points. The
initial decrease in moduli for Contrel and D1E in 0 mM GSH and 10
mM GSH can be attributed to equilibrium swelling. D1E hydrogels,
compared to the Control, show a relatively larger decrease in moduli,
confirming their slow degradation due to hydrolysis. Overall, these data
indicate that there were no significant changes in moduli for reducing vs.
non-reducing conditions for Control and D1E hydrogels at respective
time points. The data shown illustrate the mean (n = 6), with error bars
showing the standard error.

2.6.1 Degradation Kinetics

The rate of degradation for D2ER hydrogels was evaluated by monitoring
storage modulus (G) as a function of time. D2ER hydrogels degraded in 10 mM GSH
microenvironment are discussed here as an example of the approach used for this

67

analysis. According to the theory of rubber elasticity,”®” material modulus is defined

by the following equation:
pRT __
G = 1/3
M, ¢

...(S4)
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where p is the density of the polymer, R is the universal gas constant, 7 is the
temperature, M, is the molecular weight between the crosslinks for the equilibrium
swollen gel, and Q is the volumetric swelling ratio. Since we define the degradation of
the hydrogel as the scission of network crosslinks (NC), the rate of hydrogel

degradation can be described by the following differential equation:

d[NC]
dt

= k [NC][GSH][H,0]

...(S5)

However, since the concentration of thiols from GSH is more than 2 orders of
magnitude greater than that of the thiols from the D2ER hydrogels, the concentration
of GSH in the sink can be assumed to be constant throughout the experiment time
period. Similarly, the amount of water in the sink during the experiment timeframe can
be assumed as constant. Consequently, the rate expression can be simplified to

describe this pseudo first order reaction as shown below.

d[NC
[dt ] = kesr [NC]

...(S6)

The rate law was obtained by integrating this differential equation (S6) for
time from 0 to t and a concentration of network crosslinks from [NC]y to [NC],

arriving at equation S7.
[NC] = e *errt [NC],

..(S7)
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The network crosslinks are directly proportional to hydrogel crosslink density
(py), and hence from equation S4 and S7, we obtain direct correlation between storage

modulus and hydrogel degradation rate constant.

G o p, x e Kerst

...(S8)

Following this method, similar generalizations were made for other sink
conditions and are summarized in Table 1. The rate constant for each reaction, ke,
was determined by linear regression using initial parameter estimate functions
(SigmaPlot v11, total number of fits = 2000, maximum number of iterations = 200,
and stepsize = 1). The results of these regressions are shown in Figures S2.4 and S2.5.
Control hydrogels under non-reducing as well as reducing conditions exhibited
limited changes in G' highlighting their non-degradability. D1E hydrogels exhibited
degradation via ester hydrolysis as indicated by decrease in G’ in both non-reducing

and reducing conditions (Fig. S2.5).

Table 2.1: D2ER hydrogel degradation Kinetics

Limiting parameters

Smk. . influencing rate of Rate law Ketr
condition )
degradation
) d[NC] 5.
0 mM GSH | Number of crosslinks ——— =k [NC] |1.37x 107 /min
dt
d[NC
0.01 mM Number of crosslinks, - [d | 5.03 x 10° /mM
GSH GSH concentration _ keff‘ [NC][GSH] min
10 mM ) d[NC] 3, .
GSH Number of crosslinks -~ = keff [NC] 1.75 x 10~ /min
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Figure 2.12 Regression analysis for Control hydrogel. Changes in mechanical
properties were studied by monitoring storage moduli of Control
hydrogels suspended under A) non-reducing and B) reducing conditions.
The initial decrease in normalized moduli can be attributed to equilibrium
swelling. The regression analysis was carried out for timepoints after ~24
hours. The linearity of data points with limited slope (slope with standard
error for non-reducing condition = 6.64 x 10° + 5.24 x 10° and for
reducing condition = 8.53 x 10 + 6.06 x 10°) indicates that the Control
hydrogels were stable under both conditions (i.e., no degradation). The
data shown illustrate the mean (n = 6), with error bars showing the
standard error. Initial time points till 1440 minutes were excluded in
regression analysis due to initial swelling causing decrease in moduli.
Black line indicates linear fit. Blue and red lines indicate 95% confidence
and prediction bands.
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Figure 2.13 Regression analysis for DIE hydrogel. Changes in mechanical
properties were studied by monitoring storage moduli of D1E hydrogel
suspended under A) non-reducing and B) reducing conditions. The initial
decrease in normalized moduli can be attributed to equilibrium swelling.
The regression analysis was carried out for timepoints after ~24 hours.
The linearity of degradation curve with slope indicates that the D1E
hydrogels showed degradation due to ester hydrolysis (slope with
standard error for reducing condition = 4.09 x 10” + 8.12 x 10 and non-
reducing condition = 2.58 x 10” + 6.71 x 10°). Comparison of rate of
degradation based on regression analysis and slope values for D1E and
Control using Student’s t-test indicated statistically significant
differences highlighting role of ester linkages in degradation of DI1E
hydrogels. The data shown illustrate the mean (n = 6), with error bars
showing the standard error. Initial time points till 1440 minutes were
excluded in regression analysis due to initial swelling causing decrease in
moduli. Black line indicates linear fit. Blue and red lines indicate 95%
confidence and prediction bands. Values for coefficient of determination
for non-reducing and reducing conditions were found to be 0.86 and 0.79
respectively.

2.6.2 Cumulative Protein Release

The cumulative protein release (R) at each time point was calculated using the

following equation:
n

R =Gyt ) (U, C1)

i=1
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where V,, and V, indicate amount of sink solution used for release measurement and
remaining volume of sink solution respectively (i.e. total volume of sink, V' =V, + V},)
at each time point measurement, C is the concentration of released BSA-488 obtained

using fluorometry and calibration curve, and i is the experiment time points.
2.6.3 Mesh Size Calculation

The mesh size was calculated using the Flory-Rehner equation®” as shown

below:

1 _ 2 _ @/V)(n(1 = vy) + v, +X11722)

M, M, v21/3_(v2/2)

.(S])

where M, is average molecular weight between crosslinks, M,, is the number average
molecular weight of the uncrosslinked macromolecular chain, v is the specific volume
of the polymer, V;is the molar volume of the solvent (18 cm’/mol for water), v, is the
equilibrium volume fraction (v, = Q71), and y, is the polymer-solvent interaction

376

parameter (0.45 for PEG-water system).””” The unperturbed root-mean-square end-to-

end distance((7Z)/2) was calculated by:

—\ 1/2

2M
72y1/2 — |c1/2 c
(rO) n M-r

..(S2)
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where [ is the average bond length (1.46 A), C,, is the characteristic ratio for PEG,
taken here as 4, and M, is the molecular weight of the polymer repeat unit (44 g/mol

for PEG). The mesh size was calculated using the following equation,”’

-1/3
§ =1, / THYV?

..(S3)

2.6.4 Effective Diffusion Coefficient Calculation

Effective diffusion coefficient was computed as previously reported.’"” Briefly,
the effective diffusion coefficient (D.) for the initial time period during which
equilibrium swelling occurs was estimated using a modified form of Fick’s law as

371-372

shown below, assuming uniform initial drug concentration within the hydrogel:

M D t\'/?
" 4(71’22) = ke

where M; and M, are the absolute concentration of released cargo at time t and infinite

time, respectively, 0 is the thickness of hydrogel, and k' is a constant. The value of k'

was obtained by plotting M/ M., versus /t.
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Chapter 3

DESIGN OF THIOL- AND LIGHT-SENSITIVE
DEGRADABLE HYDROGELS USING MICHAEL-TYPE
ADDITION REACTIONS

3.1 Introduction

Synthetic hydrogels have been widely employed for a range of applications

8 379-380 381 383-384

3 . 382 .
from sensors,””® membranes, and lithography™ to sealants,” adhesives,

26, 33, 319, 385-386

and controlled cell culture and drug delivery devices. In particular,

hydrogels formed by step growth mechanisms have garnered significant attention

owing to their homogenous network structure, robust mechanical properties, and ease

of property modulation using responsive and orthogonal chemistries.”*" *** **” For

example, nearly ideal step-growth hydrogels have been formed by copper-catalyzed

221, 387 219, 226 388-389

azide-alkyne, ring strained alkyne-azide, tetrazine trans-cyclooctene,

232, 390 159, 391

photoinitiated thiol-ene, and thiol-maleimide reactions with stoichiometric
amount of reactive functional groups. In biomedical applications, control of
mechanical and biochemical properties in time and in sifu within these materials is key
and can be achieved with various combinations of these chemistries for independent

control of hydrogel formation and modification®”*>"

or by engineering hydrogel
degradation.”® Degradation (e.g., ester or enzymatic hydrolysis or other mechanisms)
is particularly important for the site-specific delivery of encapsulated therapeutics,

including proteins, small molecules, and cells, for administrating a desired ‘dose’ with

high efficacy while mitigating off-target effects.’> *** Complete degradation of the
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material also alleviates the need for implant ‘removal’ as the cleavage products are

cleared after matrix dissolution.’”>°

Further, tunable control over degradation in a
noninvasive manner achieved with labile chemistries responsive to endogenous (e.g.,
hydrolysis, pH, thiol concentration) or exogenous (e.g., light) stimuli, as will be
described here, may provide a mechanism for tailoring release profiles for patient-
specific treatments.

Control over degradation of hydrogels that are covalently crosslinked often has
been achieved by incorporation of degradable groups that can undergo ester hydrolysis
or enzymatic degradation.”® Recently, hydrogel degradation using chemistries such as

249, 275

retro Michael-type additions with thiol-exchange, retro Diels-Alder reactions,”””

37 or photocleavable chemistries®®” **® has received considerable attention as each
provides a responsive synthetic handle for engineering rates of degradation. While
these reversible or irreversible cleavage reactions provide control over material
degradation and cargo release, a hydrogel system that degrades in response to multiple
stimuli would provide a unique tool to create complex cargo release profiles. In recent
years, a few groups including ours have developed dually degradable hydrogels for
modulating drug release profiles based on degradation kinetics.”>® *™* While these
materials allow microenvironment-responsive release, hydrogel-based drug carriers
that degrade in response to multiple triggers, both exogenous (e.g., light) and
endogenous (e.g., reducing and aqueous microenvironments), would allow for
sustained and complex therapeutic release profiles with spatial and temporal control
post fabrication. Several pioneering studies have demonstrated the synthesis of

different water-soluble photodegradable macromers with various reactive

functionalities, including acrylates, azides, alcohols, amines, halides, and carboxylic
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. 2717, 349, 399-400
acids.

Building upon this, we sought to create injectable, photodegradable
and microenvironment-responsive hydrogels that can be crosslinked in situ under mild
cytocompatible conditions appropriate for in vitro and in vivo applications.

In this communication, we report a degradable hydrogel, sensitive to
multiple stimuli, as an injectable cargo carrier with properties that can be tuned in situ.
To achieve this, a novel maleimide end-functionalized, photodegradable macromer
containing an o-nitrobenzyl ether (o-NB) group was synthesized and characterized.
Thiol-maleimide click reactions were utilized for hydrogel formation, as they are
highly efficient, occur under mild conditions, and do not require a catalyst;'>” **'*
additionally, selection of the thiol-containing functional group imparts degradability in
response to specific stimuli found in cellular microenvironments (e.g., reducing
conditions and water). The o-NB photolabile group was selected for its susceptibility
to degradation over a wide range of cytocompatible irradiation conditions, including
long wavelength UV, visible, and two-photon IR light, for user-controlled

degradation >’ %

Taken together, the resulting hydrogel undergoes ester hydrolysis in
response to an aqueous microenvironment, retro Michael-type reaction with thiol-
exchange in response to a reducing microenvironment, and photocleavage in response
to externally applied light. This approach provides spatiotemporal control of the
properties of cytocompatible hydrogels formed using a catalyst-free Michael-type
reaction. Degradation in response to light or aqueous and reducing microenvironments
was characterized by monitoring temporal evolution of hydrogel mechanical
properties. For proof-of-concept, we also demonstrate how the mode of degradation

mediates the release of a model cargo by the incorporation and responsive release of

polymeric nanobeads.

110



A o Reducing-environment
AN
sensitive linkage
( N
\7\ (6}

Photodegradable f
backbone
Aqueous
25°C
\"/\/\ Ideal
hydrogel
network
B Hydrogel crosslinking using Michael-type C Hydrogel degradation using photocleavage
addition reaction
0 0 No2
Aqueous SR, [ﬁ R2 L|ght 1
R—N || + SH-R, ——> R;—N
25°C R,
O (6] —0
D Hydrogel degradation using glutathione E Hydrogel degradation using ester hydrolysis
(GSH) exchange

_ H,0
A eI S

Figure 3.1 Multimodal degradable hydrogel formation and degradation. (A)
Multimodal degradable hydrogels were formed by reacting maleimide
and thiol end functionalized four-arm poly(ethylene glycol)
macromolecular precursors using (B) a Michael-type addition reaction.
(C) An o-nitrobenzyl ether based photodegradable functional group that
undergoes irreversible cleavage upon irradiation with UV, visible, or
two-photon IR light were incorporated into the backbone of the network,
providing externally-triggered, rapid degradation of thick hydrogels by
surface erosion. (D) Presence of arylthiol based thioether succinimide
linkages allowed responsive, bulk degradation by retro Michael-type
reaction, where thiol exchange with exogenous glutathione (GSH)
present in a reducing microenvironment leads to irreversible cleavage.
(E) Ester linkages were incorporated within both macromolecular
precursors for bulk degradation of hydrogels by hydrolysis over longer
timescales.
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3.2 Design and Synthesis of Building Blocks with Different Degradable
Functional Groups

Several multiarm poly(ethylene glycol) (PEG)-based macromers with different
reactive functionalities were created for the rational design of biocompatible,
responsive hydrogels with distinct modes of controlled degradation, from
preprogrammed and responsive to externally tunable. Specifically, four-arm (PEG)
end functionalized with aryl thiols (PEG-4-arylSH) was reacted with four-arm
photodegradable PEG end-functionalized with maleimides (PEG-4-PD-MI) by a
Michael-type addition reaction (Fig. 3.1). PEG, a hydrophilic polymer FDA-approved
for various applications, is easily modified with appropriate reactive functional groups
for tailoring of the hydrogel properties while limiting any non-specific protein-
material interaction.’*® Crosslinking of the photodegradable and thiol-sensitive PEG
macromers produces a hydrogel whose main degradable functional units are 0-NB and
mercaptophenylacetic acid (MPA)-based thioether succinimide linkages, respectively.
Upon the application of cytocompatible doses of light, the photolabile o-NB linkage
undergoes irreversible cleavage due to photochemically induced photoisomerization
yielding ketone and carboxylic acid-based cleavage products (Fig. 3.1C).*"*
Nitrobenzyl-based photolabile groups have been used in several applications as
protective groups for uncaging of proteins,*” spatiotemporally controlling hydrogel

207-3%9 and the release of live cells or bioactive proteins.”’” **" %% Aryl-thiol

properties,
based thioether succinimide linkages are susceptible to thiol exchange in the presence
of glutathione (GSH), which provides a reducing microenvironment (Fig. 3.1D). The
degradation kinetics of mercatophenyl-based thiols in response to reducing
microenvironments have been investigated previously by Kiick and coworkers.** >’

32% Since the concentration of glutathione is elevated in carcinoma tissues compared to
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407408 the incorporation of aryl-thiol-based linkages that

surrounding healthy tissues,
cleave in response to glutathione may provide increased release of therapeutics in
carcinoma tissues and thus provide higher therapeutic efficacy. In addition, both
macromers (PEG-4-PD-MI and PEG-4-arylSH) contain an ester linkage allowing for
hydrolysis of the resulting polymeric network under aqueous conditions ultimately
leading to complete degradation of the hydrogel in aqueous environments. Overall, the
incorporation of multiple cleavable groups that can degrade in response to endogenous
and exogenous stimuli presents an attractive strategy for designing drug delivery

systems with complex release profiles that could be tuned for the needs of an

individual patient.
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Figure 3.2 Synthetic route for preparing a macromolecular crosslinking agent
functionalized with photodegradable maleimide. Reagents and
conditions are as follows: a) DIPEA, HATU in DMF under Ar; b)
Succinic anhydride, DMAP in DMF under Ar at 50 °C; and ¢) N-(2-
aminoethyl) maleimide, TFA, DIPEA, HATU in DMF under Ar.

PEG-4-aryISH was synthesized via esterification by reacting
mercaptophenylacetic acid with the hydroxyl end groups of four-arm PEG (Fig. 3.2).
Two primary methods can be used for synthesis of the PEG-4-PD-MI: i) synthesizing
a small photodegradable maleimide monomer for functionalizing the end groups of
PEG (or other macromolecules) or i) modifying the end groups of PEG by sequential
reactions to conjugate the polymer with the photodegradable maleimide group. Our
preliminary efforts focused on the former based on prior successful syntheses of an
acrylated photodegradable monomer.*” However, conjugation of the photodegradable

maleimide monomer to a PEG-bis-amine was challenging and led to limited
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modification of the amine end groups of the polymer (~ 5-10% modification) [data not
shown]. Consequently, we pursued the latter and synthesized a small precursor of the
photolabile group, coupled it with the amine end groups of PEG, and subsequently
modified the PEG-photolabile precursor with maleimide end groups. This unique
approach, as elaborated below, was used to create a PEG crosslinker end-
functionalized with a photodegradable maleimide (Fig. 3.2). We first synthesized an
intermediate, 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy) butanoic acid (V,
Figure 3.7), using a protocol published by Kloxin e al. with one modification.**
Briefly, the nitration step was carried out continuously on an ice bath to minimize any
side reactions (i.e., nitration at multiple positions), and the purification of the nitrated
product was carried out using flash chromatography (3:7 ethyl acetate:hexane to 6:4
ethyl acetate:hexane) (see Supporting Information for detailed protocol). The
carboxylic acid groups from intermediate V were activated with 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate (HATU) in the presence of N,N-diisopropylethylamine (DIPEA)
to form an amide linkage with four-arm PEG amine (PEG-4-NH;). This reaction
yielded a polymer-photolabile precursor intermediate with hydroxyl end groups (pII)
with 99% modification as assessed from integration of the area of the aromatic protons
in the "H NMR spectrum. Multiarm PEG (four-arm) maleimide was employed instead
of linear PEG to provide higher functionality per crosslinker and facilitate
encapsulation and entrapment of various cargos for delivery applications. The
hydroxyl groups from pll were subsequently reacted with succinic anhydride to
convert them to carboxylic acids and yield the acid-functionalized photodegradable

polymer intermediate (pIII). The reaction yield was ~79%, and the functionality
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(~100%) was quantified by the disappearance of the hydroxyl proton at 5.26 ppm in
the '"H NMR spectrum. The carboxylic acid groups were activated using HATU to
form an o-acyl(tetramethyl)-active ester that can react with the nucleophilic amine of
N-(2-aminoethyl) maleimide (AEM) (or other amine-functionalized reactive groups of
interest). This reaction yielded maleimide-functionalized, photodegradable 4-arm PEG
(p1V, PEG-4-PD-MI) with a reaction yield of 82% and functionality of 79%, as
quantified by monitoring the area of the maleimide ring protons (6.97 ppm) in the 'H
NMR spectrum (see Supporting Information). The lower functionalization with
maleimide observed here, as compared to the other end group modification reactions,
may be attributed to two side reactions: free amines of AEM may react with
maleimides on other AEM molecules, and the maleimide ring may undergo hydrolysis
during synthesis and purification. Although the synthesis of a water-insoluble
nitrobenzyl moiety with maleimide end group recently has been reported,*” to the best
of our knowledge, this is the first reported synthesis of a water-soluble maleimide end-
functionalized photodegradable PEG macromer for controlling hydrogel degradation.
These methods in principle could be employed for designing cell compatible

hydrogels for tissue engineering and regenerative medicine applications.

3.3 Hydrogel Formation and Tunable Mechanical Properties

The mechanical properties of hydrogels formed using the synthesized
multifunctional macromers were investigated to demonstrate the utility of Michael-
type addition to form hydrogels sensitive to multiple stimuli. In particular, hydrogel
gelation kinetics and mechanical properties play a crucial role in the clinical
translation of injectable hydrogels for controlled drug delivery applications. Here,

dynamic time sweep rheological experiments were conducted to monitor the gelation
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kinetics and to demonstrate the utility of these functionalized macromolecules to form
crosslinked networks on timescales appropriate for injection. Hydrogels were formed
in situ (i.e., on the rheometer stage) by mixing precursor solutions of photodegradable
PEG-4-PD-MI and a microenvironment-sensitive PEG-4-aryISH at 1:1 ratio of
maleimide to thiol. The mixed precursor solution was added to the rheometer stage
before any apparent increase in the solution viscosity, and time sweep measurements
were acquired under the viscoelastic regime (Fig. S3.3). Representative results for the
formation of a 5 wt% hydrogel are shown in Fig. 3.3A. Due to rapid gelation, the
crossover point of storage and loss moduli, which is an indirect measurement of the
gel point, occurred prior to the first measurement on the rheometer. A consistent
increase in storage modulus (G’, from ~1900 Pa to ~4000 Pa) without a significant
increase in loss modulus (G’’, values ranging from ~50 Pa to ~70 Pa) as a function of
time was observed, correlating with the crosslinking of the hydrogel (G ~ px). Further,
consistent values of storage modulus as a function of frequency highlight the elastic

nature of the hydrogels (Fig. S3.3A).
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Figure 3.3 Rheological characterization of hydrogels (A) Hydrogel formation was
monitored by dynamic time sweep measurements using an oscillatory
rheometer, where all measurements were performed within the linear
viscoelastic regime (representative data for 5 wt% hydrogel shown). (B)
Polymer concentration was varied to achieve a range of moduli and
corresponding mesh sizes (see Fig. S3.4), and the impact on crosslinking
time was assessed. With increased polymer concentration, the crosslink
density increased resulting in increased storage modulus and lowered
gelation time. The data shown illustrate the mean (n > 3) with error bars
showing the standard error.
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Properties that are critical for the success of injectable hydrogel-based drug
carriers, especially mesh size that dictates diffusion of solutes in and out of hydrogel,
are dependent on the mechanical properties and vary with the network crosslink
density. The impact of crosslink density on the elastic properties of the hydrogel was
investigated by varying the polymer concentration (Fig. 3.3B). With an increase in the
total polymer concentration from 2 to 5 wt%, the storage modulus (G’) increased from
0.2 kPa to 3.7 kPa, which correlates to elastic moduli (E) ranging between ~ 0.6 to ~
11 kPa, where G ~ E/3 based on rubber elasticity theory. This range of elastic moduli
matches well with that of various soft tissues, from that of neural to muscular

#0411 The corresponding mesh size, calculated from Flory-Rehner theory,*'?

tissues.
varied between 10 nm to 14 nm as a function of polymer concentration, providing a
handle to control entrapment, diffusion, and release of cargo molecules (Fig. S3.4).
The crosslinking time, defined here as the time to reach 90% of the final storage
modulus value, ranged from approximately 2 to 10 minutes (Fig. 3.3C). The
equilibrium mass swelling ratio (q) of resulting hydrogels varied from 17 to 32 (Table
2). The gelation kinetics and elastic properties of these novel hydrogels are consistent
with the gelation kinetics of similar Michael-type crosslinked PEG hydrogels.'* #3414
Overall, these results indicate that the gelation time and initial elastic properties of the

multimodal degradable hydrogels formed using Michael-type reaction of these

modified macromers can be tuned over relevant ranges for the end application.

3.4 Degradation in Response to Exogenous and Endogenous Stimuli
We next sought to establish a range of degradation profiles and times that
could be achieved with these multifunctional gels in detailed studies of their

degradation kinetics in response to light, reducing microenvironments, and aqueous
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microenvironments. Changes in the elastic properties of the hydrogels were monitored
as a function of time upon application of each stimulus, focusing on the 5-wt%
composition with a mesh size (~10 nm) that is appropriate for release of large cargo
(e.g., antibodies, nanoparticles, and cells). To study the light-mediated degradation of
the multimodal degradable hydrogels, samples formed in situ on a photorheometer
were irritated with cytocompatible light conditions (10 mW/cm® at 365 nm [long
wavelength UV] or 400-500 nm [visible]).**” *'* " The hydrogel shear modulus is
directly correlated with the crosslink density per the theory of rubber elasticity (G ~

367 and a decrease in the storage modulus thus indicates cleavage of crosslinks and

Px);
degradation of the hydrogel (equation S8). The degradation behavior of the hydrogels
was compared with that of a negative control (gels formed using PEG-4-alkylSH and
PEG-4-MI that lack the photodegradable group, Fig. S3.6), as shown in Fig. 3.4A. A
significant decrease (approximately 15% reduction) in storage modulus for the
multimodal degradable hydrogel was observed with the application of short pulses of
light (30-second of 10 mW/cm® at 365 nm), whereas the elastic properties of the
control hydrogel remained unchanged. Multimodal degradable hydrogels also
degraded with visible irradiation (10 mW/cm” at 400-500 nm, similar to conditions
used clinically) as shown in Fig. 3.4B inset. These data confirm the triggered
degradation of the hydrogels in response to light; the rate of degradation in response to
applied light was calculated using continuous degradation data (Fig. 3.4B) assuming
first-order degradation kinetics based on network connectivity and the kinetics of
photocleavage (Fig. S3.7).*"° The rate constant (k) for the initial degradation time
period was found to be 3.03 £ 0.13 x 10 min™ (t;,= 2.3 min) and compares well with

typical rate constants for cleavage of similar o-nitrobenzyl ether based moieties (k ~
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0.2 - 0.3 min™).*”® *!® In addition, a reduction in storage modulus was observed with
low doses of visible light with a rate constant of 2.20 + 0.03 x 107 min' (Fig. 3.4B
inset). The order of magnitude difference in degradation rate constant between 365 nm
and 400-500 nm can be attributed to the respective differences in absorbance and

quantum yield of the 0-NB group at these wavelengths (Fig. $3.5).>"*%
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Figure 3.4 Degradation of multimodal degradable hydrogels. Degradation of
hydrogels in response to different stimuli was studied by monitoring the
storage modulus as a function of time. (A) Hydrogels exhibited a rapid
decrease in the modulus in response to externally applied, low doses of
light (10 mW/cm? at 365 nm, 30 sec pulse, closed symbols), and (B)
complete degradation is observed after ~ 4.5 minutes of continuous
exposure. The negative control hydrogels, which lack a photolabile
group, show no significant change in modulus over time in response to
the same light exposure (open symbols). The hydrogels also were
responsive to low intensity visible light (10 mW/cm® at 400 to 500 nm,
continuous irradiation, inset). (C) In a thiol-rich reducing
microenvironment like that observed in tumors (ca. 10 mM GSH), a
decrease in the modulus of the multimodal degradable hydrogel (closed
symbols) was observed, indicating responsive degradation due to
reversible click and thiol exchange reactions of aryl thiol based thioether
succinimide linkages with GSH under reducing conditions. Complete
degradation is observed in approximately 2 days. (D) In an aqueous
microenvironment (phosphate buffer), the multimodal degradable
hydrogel exhibited slower degradation due to hydrolysis of ester linkages
with complete degradation in approximately 4 days (closed symbols).
The negative control (no degradable groups), after initial swelling, was
relatively stable during the experimental time frame (open symbols). The
data shown illustrate the mean (n > 3) with error bars showing the
standard error.
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Aryl thiol functionalized PEG macromers provide degradability in
response to reducing microenvironments within the multimodal degradable hydrogels.
GSH is a reducing agent produced at increased levels by highly metabolically active
cells, and consequently, is found at elevated concentrations in carcinoma tissues (on

407408 T study hydrogel

the order of 10 mM intracellularly and 10 um extracellularly).
degradation in response to a GSH-rich microenvironment, multimodal degradable
hydrogels were suspended in buffer with a physiologically-relevant concentration of
GSH (10 mM),”® and the elastic properties of the hydrogels were monitored
periodically using oscillatory rheometry (Fig. 3.4C). Nondegradable PEG hydrogels
without photolabile or reducing environment sensitive linkages (PEG-4-MI and PEG-
4-alkylSH) and similar mechanical properties were used as a negative control (Fig.
S6). As is apparent in Fig. 3C, both control and degradable hydrogels show an initial
decrease in storage modulus (approximately 10 to 20% reduction within the first 180
minutes), which can be attributed to initial equilibrium swelling of the hydrogels.
Notably, a continuous decrease in modulus for the degradable hydrogels is observed
after initial swelling until complete degradation is observed after approximately 2880
minutes (2 days), confirming degradation of these hydrogels in response to the
reducing microenvironment. Side reactions, such as maleimide ring hydrolysis that
results in a non-degradable crosslink, also can impact the rate and extent of gel
degradation; however, our earlier studies indicated that the thiol exchange with the
Michael-type adduct occurs on timescales (k = 1.75 x 10~ min™") that are orders of

275326 Byrther, ester

magnitude faster than this side reaction (k = 5.5 x 10 min™).
hydrolysis provides a third mechanism for degradation, where its rate was expected to

be slower than that of the thiol-exchange reaction based on prior work (k = 1.87 x 10~
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min"").>*® Degradation of the multimodal hydrogels in reducing environments without

applied light consequently was expected to be dominated by the thiol exchange.*”> **°
Fits to the data indicated that the observed kinetics for early degradation (first day up
to 1440 minutes) were pseudo-first-order with a rate constant of 1.52 + 0.003 x 107
min’! (ti2= 450 min), which is consistent with earlier reported values for similar
hydrogels (Fig. $3.7).**® Complete hydrogel dissolution (i.e., reverse gelation) was
observed after approximately 2 days (at 2880 minutes), which is faster than our earlier
studies of dually degradable hydrogels that did not contain a photolabile group
(complete dissolution at ~ 4 days). We hypothesized that this disparity is due to the
elevated rate of hydrolysis of esters present in the PEG-4-PD-MI, since our earlier
study indicated that the ester linkage present on the PEG-4-arylSH is relatively stable
with a half-life of 14 days. To test this hypothesis, we conducted hydrolytic cleavage
studies, characterizing the degradation of multimodal hydrogels over time in an
aqueous solution without GSH (Fig. 3.4D). The rate of ester hydrolysis was found to
be 6.84 = 0.91 x 10 min™ (tiz= 1013 min, pseudo-first order kinetics, Fig. S3.7),
which was an order of magnitude larger than that observed for dually degradable

hydrogels without the photolabile group (k = 1.87 x 10 min™).**

In retrospect, these
results are not surprising since neighboring functional groups (here, the
photodegradable moiety) have been observed to significantly influence the rate of
ester hydrolysis.*'"*'* Additional small-molecule studies will shed light on the impact
of neighboring groups on the ester hydrolysis of these macromolecules, thus enabling
improved design of biomaterials. Nevertheless, the degradation of the multimodal

degradable hydrogels can be controlled over minutes to days, with half-lives ranging

three orders of magnitude from ~2 to ~1000 minutes (Table 3.1).
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Table 3.1 Degradation kinetics of multimodal degradable hydrogels

Photodegradation (365 nm) 3.03+0.13x 10 2
Photodegradation (400-500 nm) 2.20 +0.03 x 10~ 32
Thiol exchange 1.52 +0.003 x 10~ 450
Ester hydrolysis 6.84+091x 10" 1013

3.5 Degradation Mediated Release of Model Cargo Nanobeads

To demonstrate the utility of this multimodal degradable system for tailored
release, fluorescently-labeled nanobeads were entrapped within the hydrogel as a
model cargo, where similarly sized beads or particles can be laden with various
therapeutics of interest.****! Since the diameter of these nanobeads (o ~ 100 nm) is
~10-fold larger than the estimated mesh size of the hydrogels (§ = 10 nm), the release
of cargo was expected to be driven by hydrogel degradation for the proof of concept
studies demonstrating control over the time and dose of released cargo. The release of
nanobeads in response to appropriate degradation stimuli was monitored in solution
using fluorescence spectroscopy. The fractional release, which is defined as the ratio
of cargo released at a particular time point (M;) to the cargo released at complete
degradation (M.) was plotted as a function of time (Fig. 3.5). Hydrogels that were
incubated in a thiol-rich microenvironment (10 mM GSH) exhibited limited release of
nanobeads (< 1%) before complete hydrogel dissolution; release was observed only
after reverse gelation after 2 days (2880 minutes). In addition, when incubated in PBS
buffer, release was observed only after gel dissolution at 4 days owing to ester

hydrolysis (5760 minutes, Fig. S9).
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Figure 3.5 Degradation-mediated release of cargo. Fluorescent nanobeads (diameter
~100 nm) were encapsulated as a model cargo within the multimodal
degradable hydrogel during formation. Since the diameter of cargo
molecules is ~10 times larger than the mesh size, we hypothesized that
the release would be controlled by degradation of the hydrogel. Hydrogel
samples that were incubated in a reducing microenvironment (10 mM
GSH) showed burst release of nanobeads upon hydrogel dissolution (e.g.,
reverse gelation). When irradiated with pulses of light (10 mW/cm® at
365 nm periodically for 10 minute intervals), the hydrogel exhibited
surface erosion (Fig. S6), owing to light attenuation within these thick
hydrogels (height ~ 1.8 mm), and the release of nanobeads correlated
with this light-mediated surface erosion of the hydrogels. The data shown
illustrate the mean (n > 3) with error bars showing the standard error.

In contrast, hydrogels that were degraded using externally applied light
exhibited light-responsive release with approximately 6 to 8% release of the loaded
cargo in response to each 10-minute light pulse (10 mW/cm” at 365 nm), without any
observable bulk degradation of the hydrogel as elaborated below. These release

profiles are consistent with the degradation mechanisms for the related functional
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groups, where multimodal hydrogels (height ~ 1.8 mm) should degrade in bulk with

reducing and aqueous microenvironments and by surface erosion with applied light.>’®

#13.922 Eor photodegradation studies, the height of the hydrogel decreased as a function
of time while no significant changes in the diameter of hydrogel discs were observed,
further supporting degradation by surface erosion (Fig. S8). Surface erosion is
expected when using UV and visible light to degrade these o-NB-based hydrogels,
owing to the strong absorbance of these wavelengths of light by the photolabile group
within these thick hydrogel constructs; for example, at 365 nm, the molar absorptivity
of the photolabile group is 3840 L mol” cm™, equating to ~ 6% transmittance at
thickness of 100 um and confining degradation to the top of the surface-eroding gel

(see Supplementary Information).”’® 0% 1>

Interestingly, the release of nanobeads (~6
to 8%) in response to each applied light pulse was slightly less than expected (~15%
based on the rate of surface erosion in degradation studies, see Supporting
Information). We speculate that this disparity likely arises from increased light
attenuation in the presence of nanobeads (~17% by volume of total gel content) that
scatter light and may hinder further the light penetration through the hydrogel.
Nanobeads were chosen here for proof of concept where similarly sized
particles loaded or decorated with small molecular drugs, proteins, or siRNA can be
encapsulated within these hydrogels for localized release for specific applications of

interest.*>>4*

Note, a more continuous release profile upon bulk degradation by thiol
exchange or hydrolysis would be expected for biologics (e.g., antibodies and other
therapeutic proteins) directly encapsulated within these types of gels; protein release
will be driven by diffusion as the mesh size of the hydrogel increases commensurate

with degradation, as observed in our earlier work with dually degradable hydrogels.**®
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Overall, these results support the hypothesis that the release of cargo can be tuned by
controlling the degradation rate and, in principle, such a strategy could be employed
for spatiotemporal control over release of cargo molecules in biological systems. For
example, we envision that this approach could prove useful for the treatment of
various skin cancers, where photodynamic therapies are often employed; with these
new materials, therapeutics for the treatment of carcinomas could be released in
response to the tumor microenvironment and, as needed, adjusted with light on a

patient-specific basis.

3.6 Conclusion

In summary, this work combines three cleavage chemistries to engineer
multimodal degradable hydrogels for responsive and triggerable modulation of
properties and cargo release. Specifically, a versatile Michael-type addition reaction
was employed to synthesize an injectable hydrogel system formed in situ, using PEG
macromers functionalized with thiols or a photodegradable maleimide, respectively,
where incorporation of an aryl thiol imparted degradability in response to reducing
microenvironments. The hydrogels exhibited rapid gelation and consistent mechanical
properties between samples, which will be helpful for their development as injectable
drug delivery vehicles in vivo. By incorporating a photodegradable o-nitrobenzyl ether
group, a thiol-sensitive succinimide thioether linkage, and ester linkages, the
hydrogels demonstrated unique controlled degradation via surface erosion or bulk
degradation mechanisms, respectively, with degradation rate constants ranging from
~10" min™ to ~10* min™'. As a proof of concept, the controlled release of nanobeads
from the hydrogel was demonstrated in a preprogrammed, stimuli-responsive, or

spatiotemporal fashion. In principle, such a strategy could be employed for delivery of
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multiple therapeutics with precise control over the release and delivery of cargoes,
such as drugs, siRNA, drug-loaded nanoparticles, or cells, for creating complex

degradation profiles as necessitated by the end application of interest.
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3.8 Supporting Information

3.8.1 Materials

General organic reagents and solvents were purchased from commercial
sources and used as received unless otherwise stated. Four-arm poly(ethylene glycol)
(PEG, 10 000 g mol™") with hydroxyl, thiol, or amine end groups was obtained from
JenKem Technology USA (Allen, TX). Deionized water (18 MQ-cm) was used for

experimental procedures.
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3.8.2 Organic Synthesis and Polymer Modification

All reactions were conducted in glassware that was oven-dried and cooled
under argon. All reactions were performed at least in duplicate and under an inert
argon atmosphere using a Schlenk line unless noted otherwise. Chromatography was
performed on silica gel (Sorbent Technologies, 40-63 um, 60 A). 'H spectra were
recorded using a Bruker NMR spectrometer (Bruker Daltonics, Billerica, MA) under

standard quantitative conditions (600 Hz, 128 scans).

D A NG

Figure 3.6 Synthesis of PEG-MPA. 4-arm PEG was reacted with 4-
mercaptophenylacetic acid (MPA) to yield aryl thiol end-functionalized
PEG (a: Toluene, PTSA, ~110 °C)

3.8.2.1 Mercaptophenylacetic Acid-based Aryl Thiol-end Functionalized PEG
(PEG-MPA)

PEG was modified with 4-mercaptophenylacetic acid (MPA) based on a

modified version of a previously published protocol.’*

Briefly, hydroxyl end-
functionalized 4-arm PEG (1 g, 0.1 mmol), MPA (0.67 g, 4 mmol), and p-
toluenesulfonic acid (0.07 g, 0.04 mmol) were dissolved in toluene (20 mL) and
refluxed at 110 °C for 48 hours. The reaction was subsequently precipitated in ethyl
ether (50 mL, 4 °C), and polymer was recovered by filtration. The polymer was
washed with isopropanol and hexane and further reduced using dithiothreitol (DTT).
The product was dissolved in methanol, filtered through a 0.22-um filter, and
precipitated in isopropanol. The final dried polymer (0.5 g, 66% yield) was obtained

by removal of residual solvents under reduced pressure at room temperature.'H NMR
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(400 MHz, Chloroform) &: 7.24-7.08(m, 16H), 4.24 (t, 8H), 3.90-3.35 (bs, 900H),
3.42-3.39 (s, 4H).

o) o o OH OH
a b NO, c NO, d NO,
—> —> —> —>
o) o) 0 o) 0
I On I o/\/\nzov I I 5 0 I OH
o)
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Figure 3.7 Synthetic route for preparing small molecule photolabile precursor.
Reagents and conditions are as follows: a) ethyl-4-bromobutyrate,
potassium carbonate in DMF; b) nitric acid (69.3% w/w); ¢) sodium
borohydride in ethanol at 38 °C; and d), potassium hydroxide in
water:THF (1:1). Each chemical compound is numbered for its
identification in experimental procedures.

3.8.2.2 Ethyl 4-(4-acetyl-2-methoxyphenoxy)butanoate (II)

Synthesis of intermediate II to V was based on a modified version of a
previously published protocol.*”® Briefly, 1-(4-hydroxy-3-methoxyphenyl)ethanone (I,
30 g, 180.5 mmol), ethyl-4-bromobutyrate (31 mL, 217 mmol), and potassium
carbonate (37.4 g, 271 mmol) were added to DMF (150 mL) and stirred overnight
under argon. The reaction mixture was precipitated into DI water (2000 mL), stirred
for 2 hours, and stored overnight at 4 °C for maximum precipitation. The resulting
precipitant was filtered and washed with a copious amount of water. The product was
subsequently dried at room temperature in a vacuum oven, and the final product was
collected as a white powder (47.4 g, 94%). "H NMR (600 MHz, Chloroform)  7.61 —
7.46 (m, 2H), 6.87 (d, 1H), 4.16 — 4.09 (m, 4H), 3.89 (s, 3H), 2.56 — 2.50 (m, 5H),
2.20—-2.14 (m, 2H), 1.24 (t, 3H).
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3.8.2.3 Ethyl 4-(4-acetyl-2-methoxy-5-nitrophenoxy)butanoate (I1I)

Ethyl 4-(4-acetyl-2-methoxyphenoxy)butanoate (II, 25 g, 87.6 mmol) was
added slowly to nitric acid (70 mL, 4 °C, ice bath) over the period of 1 hour using
small portions while monitoring the reaction temperature to ensure it remained below
30 °C. The reaction was allowed to proceed on an ice bath for approximately 30
minutes until completion as assessed by thin-layer chromatography (TLC) (50:50
ethyl acetate:hexane, product rr ~0.5). The reaction mixture was precipitated in DI
water (1000 mL), stirred for 2 hours, and stored overnight at 4 °C for maximum
precipitation. The yellow solid precipitate that was obtained after filtration was further
purified by recrystallization in ethanol (300 mL, 78 °C). Purification using flash
chromatography (3:7 ethyl acetate:hexane to 6:4 ethyl acetate:hexane) yielded the
yellow solid product (21.2 g, 73%). 'H NMR (600 MHz, DMSO) & 7.61 (s, 1H), 7.21
(s, 1H), 4.13 - 4.03 (m, 4H), 3.92 (s, 3H), 2.44 (t, 2H), 1.99 (t, 2H), 1.17 (t, 3H).

3.8.2.4 Ethyl 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoate (IV)

Ethyl 4-(4-acetyl-2-methoxy-5-nitrophenoxy)butanoate (III, 18 g, 55 mmol)
was dissolved in ethanol (200 mL), and sodium borohydride (1.3 g, 35 mmol) was
slowly added to the reaction mixture. The reaction was allowed to proceed at 38 °C
overnight. The reaction mixture was precipitated in DI water (3000 mL), stirred for 2
hours, and stored overnight at 4 °C for maximum precipitation. The resultant
precipitant was filtered and washed with water to collect the product (11.6 g, 64%) as
a pale yellow powder. 'H NMR (600 MHz, DMSO) § 7.52 (s, 1H), 7.36 (s, 1H), 5.47
(s, 1H), 5.25 (d, 1H), 4.06 (q, 4H), 3.90 (s, 3H), 2.45 (t, 2H), 2.08 — 1.91 (m, 2H), 1.36
(d, 3H), 1.18 (t, 3H).
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3.8.2.5 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoic acid (V)

Ethyl 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoate (IV, 10 g,
31 mmol) and potassium hydroxide (2.5 g, 44 mmol) were added to a solution of 1:1
THF (100 mL) and water (100 mL) for ester cleavage. The reaction mixture was
stirred at room temperature for 2 hours. The pH of the reaction mixture was dropped
to ~4 using hydrochloric acid until precipitant formation. The resulting mixture was
stored overnight at 4 °C, and product (7.7 g, 72%) was recovered using filtration and
dried using a vacuum oven at 40 °C. "H NMR (600 MHz, DMSO) & 12.16 (s, 1H),
7.53 (s, 1H), 7.36 (s, 1H), 5.56 — 5.38 (m, 1H), 5.25 (q, 1H), 4.05 (t, 2H), 3.90 (s, 3H),
2.39 (t, 2H), 1.95 (p, 2H), 1.37 (d, 3H).

3.8.2.6 Hydroxyl End-functionalized Photodegradable PEG Intermediate (pII)

4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoic acid (V, 0.12 g, 0.4
mmol) was dissolved in DMF (10 mL). HATU (0.15 g, 0.4 mmol), DIEA (0.10 g, 0.8
mmol), and amine end-functionalized 4-arm PEG (pI, 0.5 g, 0.05 mmol) were added
to the reaction, and the reaction was allowed to proceed overnight at room
temperature. The reaction was subsequently precipitated in ethyl ether (100 mL, 4 °C),
and the polymer was recovered by filtration. The final dried polymer product was
obtained by removal of residual solvents under reduced pressure. The dry polymer was
dissolved in water (~20 mL), dialyzed (MWCO 2000 g/mol, against 3.5 liter of DI
water with a total of 6 changes over 48 hours at room temperature), and then
lyophilized to give a yellow solid (0.45 g, 82%). '"H NMR (600 MHz, DMSO) & 7.91
(t, 4H), 7.52 (s, 4H), 7.36 (s, 4H), 5.46 (d, 4H), 5.26 (qd, 4H), 4.03 (td, 8H), 3.90 (s,
12H), 3.75 — 3.35 (bs, 900H), 2.25 (t, 8H), 1.94 (p, 8H), 1.36 (d, 12H).
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3.8.2.7 Carboxyl End-functionalized Photodegradable PEG Intermediate (pIII)
Hydroxy end-functionalized photodegradable PEG intermediate (pII, 0.5 g, 0.04
mmol), succinic anhydride (0.14 g, 1.4 mmol), and DMAP (0.08 g, 0.71 mmol) were
dissolved in DMF (1.5 mL) and heated to 50 °C overnight. The reaction mixture was
subsequently precipitated in ethyl ether (50 mL, 4 °C), and the polymer was recovered
by filtration. The final dried polymer was obtained by removal of residual solvents
under reduced pressure. The filtered polymer was dissolved in water, dialyzed
(MWCO 2000 g/mol, against 3.5 liter of DI water with a total of 6 changes over 48
hours at room temperature), and then lyophilized to give a dark orange solid (0.41 g,
79%). "H NMR (600 MHz, DMSO) & 7.92 (t, 4H), 7.55 (s, 4H), 7.10 (d, 4H), 6.17 (q,
4H), 4.04 (t, 8H), 3.95 (d, 12H), 3.75 — 3.35 (bs, 900H), 2.54 (td, 8H), 2.44 (t, 8H),
2.24 (t, 8H), 1.94 (h, 8H), 1.56 (d, 12H).

3.8.2.8 Maleimide End-functionalized Photodegradable PEG (plV)

Carboxy end-functionalized photodegradable PEG intermediate (pIII, 0.5 g,
0.04 mmol), N-(2-aminoethyl) maleimide (0.08 g, 0.34 mmol), HATU (0.09 g, 0.26
mmol), and DIPEA (0.04 g, 0.34 mmol) were dissolved in DMF (5 mL) and reacted
overnight at room temperature. The reaction was subsequently precipitated in ethyl
ether (50 mL, 4 °C), and the polymer was recovered by filtration. The final dried
polymer was obtained by removal of residual solvents under reduced pressure. The
filtered polymer was dissolved in water, dialyzed (MWCO 2000 g/mol, against 3.5
liter of DI water with a total of 6 changes over 48 hours at room temperature), and
then lyophilized to give a dark orange solid (0.46 g, 82%). 'H NMR (600 MHz,
DMSO) 6 7.94 (dt, 8H), 7.55 (s, 4H), 7.09 (s, 4H), 6.97 (d, 8H), 6.16 (q, 4H), 4.04 (t,
8H), 3.96 (s, 12H), 3.75 — 3.35 (bs, 900H), 2.25 (t, 12H), 1.94 (h, 8H), 1.54 (d, 12H).
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3.8.3 Hydrogel Formation and Rheological Characterization

Thiol and maleimide based PEG precursor solutions were prepared
individually in citric acid (pH 3, prepared using citric acid and disodium phosphate)
and phosphate buffered saline (pH 7.4), respectively. Hydrogels were formed by
vortex mixing the macromolecular precursor solutions at 1:1 stoichiometric ratio
(maleimide:aryl thiol). Reaction at acidic pH allowed additional time for vortex
mixing before gelation occurred, resulting in homogeneous hydrogels. For rheological
and mechanical characterization, oscillatory rheology experiments were conducted on
a stress-controlled AR-G2 rheometer (TA Instruments). Hydrogels were formed
directly on a Peltier plate pre-cooled to 4 °C. Gelation at reduced temperature allowed
sufficient time to lower the parallel plate geometry to the geometry gap (120 pm)
before onset of gelation. Time sweep measurements (1% constant strain and 6 rad/s
frequency) were obtained under the viscoelastic regime to obtain gelation kinetics and
final shear modulus of the hydrogels (Fig. S3.3). The final shear modulus was defined
as the modulus value after reaching the plateau region. The crosslinking time was

defined as the time to reach 90% of the final modulus.

Table 3.2 Mechanical properties of hydrogels

2 weight % 32.1+£2.7 2229+47.9 104+2.9
3.5 weight % 259+0.3 1277.0+£173.9 2.8+0.2
5 weight % 17.1+0.9 35849+4213 24+04
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Figure 3.8 Rheological characterization under the linear viscoelastic regime. (A)
Frequency and (B) strain sweep data was used to determine the linear
viscoelastic regime for subsequent rheological characterization
(representative data for a 5 wt% gel sample shown). Representative
dynamic time sweep measurements for (C) 2 wt% and (D) 3.5 wt% are
shown.

3.8.4 Mesh Size Calculations

The mesh size of the hydrogels was calculated based on previously published

319, 326

protocols. Briefly, the Flory-Rehner equation was used to obtain the average

molecular weight between crosslinks (M) as shown below.>"*!?

1 _ 2 _ @/V)(n(1 —vy) + v, +)(1v§)

M, M, v21/3_(v2/2)
(SI)

where M, is the number average molecular weight of the uncrosslinked

macromolecular chain; ¥ is the specific volume of the polymer; V;is the molar volume
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of the solvent (18 cm’/mol for water); v, is the equilibrium volume fraction
(v, = Q71, measured in PBS); and y; is the polymer-solvent interaction parameter
(0.45 for PEG-water solutions).’’® Subsequently, the unperturbed root-mean-square

end-to-end distance ((72)?/2) was calculated using following equation:

—\ 1/2
2M
72y1/2 — |c1/2 c
(rO) n MT

...(52)
where [ represents the average bond length (1.46 A); C, is the characteristic ratio for
PEG, taken here as 4; and M, is the molecular weight of the polymer repeat unit (44
g/mol for PEG). The mesh size was calculated using the following equation for 2%,
3.5% and 5% hydrogel compositions (Fig. S3.4)°"’

¢ =0 P
...(S3)

Estimated mesh size, £ (nm)

Polymer concentration (%)

Figure 3.9 Influence of polymer concentration on PEG hydrogel mesh size.
Estimated value of the mesh size decreased with increase in the polymer
concentration, which can be attributed to the resulting increase in the
crosslink density per the theory of rubber elasticity. The data shown
illustrate the mean (n > 3) with error bars showing the standard error.
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3.8.5 Absorbance of Photodegradable PEG Macromonomer

The absorbance of maleimide end-functionalized photodegradable PEG (pIV)
was measured using a UV-visible spectrophotometer (NanoDrop 2000C, Thermo
Fisher Scientific) at 10 mg/mL in PBS buffer (Fig. S3.5). The molar absorptivity was

calculated using the Beer-Lambert law

A = abc
...(54)

where A represents the absorption, a is the molar absorptivity; b is the path length (1

mm); and ¢ is the concentration of photodegradable moiety (2 x 10™ mol/L).
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Figure 3.10 Molar absorptivity of the photolabile moiety on the photodegradable
macromer. The nitrobenzyl ether based photolabile moiety absorbs 365

nm UV light strongly compared to 400 to 500 nm visible light
wavelengths.

138



3.8.6 Degradation Monitored using Oscillatory Rheometery

For characterization of photodegradation, the hydrogels were directly formed
on the rheometer plate; after gelation was complete, low doses of light were applied
(10 mW cm ” at 365 nm [long wavelength UV] or 400-500 nm [visible], Exfo
Omnicure Series 2000 light source with appropriate bandpass filter, SilverLine UV or
International Light Radiometer). For the step-wise degradation study, 30 seconds of
light were applied every 5 minutes, whereas for the continuous degradation study,
light was constantly applied (<5 minutes for 365 nm and ~60 minutes for 400 to 500
nm wavelength). The degradation was monitored using time sweep measurements in
the linear viscoelastic regime (1% constant strain and 6 rad/s frequency). Hydrogels
prepared using 4-arm maleimide end-functionalized PEG (without photodegradable
groups) and 4-arm PEG-alkylSH served as a negative (nondegradable) control for

photodegradation studies (Fig. S3.6).
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Figure 3.11 Structural differences between the (A) multimode degradable and (B)
nondegradable negative control hydrogels. Nondegradable hydrogels
(negative control) were prepared by reacting maleimide end
functionalized PEG with the alkyl thiol end-functionalized four-arm
PEG. The resulting hydrogels thus did not contain any degradable or
chemically susceptible functional groups within the backbone structure,
as compared with multimode degradable hydrogels.

For GSH-mediated degradation and hydrolytic degradation, hydrogel discs
(diameter = 4.6 mm, thickness = 1.8 mm) were prepared by mixing macromolecular
precursor solutions (5% w/w) in a 1:1 maleimide:thiol molar ratio and allowing
individual hydrogel formation within a cylindrical mold (30 pL of solution into a 1-
mL syringe with tip removed). The resulting hydrogels subsequently were washed
with PBS and incubated in appropriate degradation stimuli (10 mM GSH for GSH-

mediated degradation and PBS for hydrolytic degradation, pH 7.4) at room
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temperature. Degradation was monitored using shear moduli measurements (2 rad/s,
2% strain, and 0.25 N normal force to prevent hydrogel slip). Hydrogels prepared
using 4-arm maleimide end-functionalized PEG (without the photodegradable group)
and 4-arm alkyl thiol end-functionalized PEG served as a negative (nondegradable)
control for GSH-mediated and hydrolytic degradation experiments. The 5 wt%
composition was chosen for studying the degradation rates and cargo release of these
multimodal hydrogels owing to the ease of handling the higher-modulus formulation

relative to the lower moduli 2 and 3 wt% gels.

3.8.7 Degradation Kinetics

For calculating degradation kinetics, hydrogel modulus was monitored as a
function of time in response to appropriate degradation stimuli. Hydrogel modulus can
be expressed in terms of the molecular weight between the crosslinks for the
equilibrium swollen gel (M.) and the volumetric swelling ratio (Q) per the theory of
rubber elasticity, as shown in the following equation.’®’

RT
G =507/ = p,RTQ?
M.

...(85)
where p is the density of the polymer; R is the universal gas constant; 7 is the
temperature; and p, is the crosslink density. Based on the network connectivity, we
assume that the cleavage of the labile linkages (DL = degradable linkages) will dictate
the rate of degradation of the hydrogel, and consequently, the rate equation can be
expressed in first order kinetics as shown below (pseudo-first order for ester

hydrolysis and reversible click and thiol exchange where water and GSH, respectively,

are in great excess).
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...(86)
where [DL] represents the concentration of degradable linkages within the multimode
degradable hydrogels, and k represents the first order degradation rate constant.
Integration of equation S6 from time 0 to t and concentration of degradable crosslinks

from [DL], to [DL] results in the following equation.

[DL] = [DL], e *err*
...(S7)

Since the degradable linkages are directly correlated to the crosslink density
(p,) for these hydrogels, we arrive at equation S8 based on equation S5 and S7, as

shown below.

G o p, x e Kerst
...(S8)

Using this generalization, the rate constants for various modes of degradation
were calculated (Table 3.1). The regression analysis for all three modes of

degradation for early time points is shown in Fig. S3.7.
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Figure 3.12 Regression analysis for degradation of multimode degradable
hydrogels. Multimode degradable hydrogels exhibited first order
degradation kinetics in response to the (A) aqueous microenvironment
(PBS buffer) with a rate constant of 6.84 x 10™ min”', (B) reducing
microenvironment (10 mM GSH) with a rate constant of 1.56 x 10~ min"
! and applied light (10 mW/cm?) at (C) 365 nm with a rate constant of
3.03 x 10" min" and (D) 400 to 500 nm with a rate constant of 2.20 x 10”
> min”. The data shown illustrate the mean (n > 3) with error bars
showing the standard error. The black line indicates the linear fit using
regression analysis. Blue (long dashes) and red lines (short dashes)
indicate 95% confidence and prediction intervals, respectively.

3.8.8 Degradation Monitored Using Hydrogel Volume

Hydrogel discs (diameter ~4.6 mm and thickness ~1.8 mm) were incubated in
appropriate degradation microenvironment at room temperature. At predefined time
points, the hydrogel discs were removed; the diameter of the sample was measured
using a Vernier caliper; and the height of the sample was measured using the

rheometer gap values (parallel plate geometry). The volume of the hydrogel was
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calculated at each time point assuming an ideal cylindrical geometry. The hydrogel
volume at each time point was normalized to the initial volume at time t = O for that

gel composition (Fig. S3.8).
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Figure 3.13 Light-mediated surface erosion of hydrogels. (A) Schematic showing
surface erosion of the hydrogel upon application of light (10 mW/cm” at
365 nm). (B) Multimode degradable hydrogels exhibit a continuous
decrease in the normalized volume (closed circle symbols) compared
with the negative control (open circle symbols), indicating surface
erosion due to degradation of the hydrogel with continuous externally-
applied light. The changes in volume are associated with (C) the changes
in the height of hydrogel samples, where a continuous decrease in the
height with limited changes in diameter are observed, suggesting surface
erosion is the prominent mode of degradation of the multimode hydrogel
samples upon irradiation (open symbols = negative control and closed
symbols = multimode degradable gels; triangle = diameter; circles =
height). The data shown illustrate the mean (n > 3) with error bars
showing the standard error.
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3.8.9 Calculating Light Attenuation
Percent transmittance was calculated using the Beer-Lambert law as shown
below,

_ 1l0g10100
= =T =

abc

...(S9)
where A represents absorbance; % T is the percentage of transmitted light; a is the
molar absorptivity of the photolabile group (3840 L mol™ cm™ at 365 nm); b is the
pathlength (depth of penetration); and c¢ is the concentration of photodegradable
moiety present in the 5 wt % hydrogel (8.3 x 10~ mol/L). With this, approximately 6%
of incident light is estimated to penetrate 100-um deep into these thick hydrogels

resulting in surface erosion of the hydrogel.

3.8.10 Cargo Release

Fluorescently labeled polymeric nanobeads (mean particle size = 100 nm, Em
=481 nm, Ex = 644 nm, 16.67 % v/v) were mixed with the maleimide-functionalized
macromolecular precursor solution. The photodegradable maleimide and aryl thiol
end-functionalized macromolecular precursors were subsequently mixed at 1:1
stoichiometry to yield homogeneous hydrogels with encapsulated nanobeads (one 30-
pL hydrogel per each cylindrical mold, diameter = 4.6 mm, thickness = 1.8 mm). The
hydrogels were washed with PBS thrice to remove any non-encapsulated nanobeads
and then gently rocked at room temperature in 1 mL of PBS buffer for
photodegradation studies or PBS with 10 mM GSH for GSH-mediated release. An
aliquot of the sink solution (100 puL) was removed for release measurements and
replaced by 100 pL of fresh sink solution for cumulative release measurements in bulk

degradation experiments. For surface erosion studies, a 100-uL aliquot of the fresh
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solution was added back to the sink solution, ensuring a constant sink volume and a
detectable concentration of nanobeads in the sink solution. The concentration of
nanobeads released at each time point was determined using fluorescence
measurements (Synergy H4, BioTek Inc., Winooski, VT), and a calibration curve for
the fluorescence of nanobeads as a function of concentration was used to determine
the nanobead concentration in the release solution. No significant differences in the
slope of the calibration curve were observed due to photobleaching associated with
light-mediated degradation experiments (p = 0.36, data not shown). The cumulative

release (R) at each time point was calculated using the following equation:

n

R =Gyt ) (U, C1)
i=1

...(810)
where V,, and V, indicate amount of sink solution used for release measurement and
remaining volume of sink solution, respectively, (i.e., total volume of the sink, V' =V,
+ V) at each time point measurement; C is the concentration of released nanobeads
obtained using fluorometry and the appropriate calibration curve; and 7 is the number
of experiment time points. For light-mediated release studies, the expected release
(~15%) was calculated based on the rate of degradation of hydrogels under similar
irradiation conditions: specifically, 120-um thick hydrogels completely degraded by
~4.5 minutes, consequently, with 10 minutes of irradiation, 267 microns of these thick

hydrogel samples (~1.8 mm) and 15 % of beads were estimated to be released,

assuming uniform distribution of beads throughout hydrogel samples.
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Figure 3.14 Degradation-mediated release of cargo in response to hydrolytic
degradation. Encapsulated nanobeads were released after 4 days (5760
minutes) upon complete dissolution of the hydrogel owing to bulk
degradation by ester hydrolysis. The data shown illustrate the mean (n >
5) with error bars showing the standard error.

3.8.11 Statistical Analysis

Data are presented as mean + standard error. At a minimum three samples
were averaged for each data point for all experiments. Statistical comparisons were
based on analysis of variance (ANOVA), and p < 0.05 was considered statistically

significant.
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Chapter 4

DEGRADABLE HEPARIN-POLY(ETHYLENE GLYCOL) HYDROGELS
FOR BIOLOGICS DELIVERY

4.1 Introduction

Hydrogels have been widely utilized in the area of basic and applied research

26, 425

. . . . . . . . . 134
to study various biological phenomenon and applications in tissue engineering, =

427-428 429-430 41, 394, 431

426 1 - . . . . .
biosensors, protein purification, and drug delivery carriers.

Hydrogels represent crosslinked polymeric networks formed using highly hydrophilic
polymers.*® Hydrogels have been prepared using a variety of natural polymers (i.e.,
hyaluronic acid, chitosan, heparin) and synthetic polymers (i.e., poly(ethylene glycol),
poly(vinyl chloride), poly(acrylates)), with polymer selection partly dictated by the

13, 432

intended application. Natural polymers such as polysaccharides containing

glycosaminoglycan provide structural and biological similarities to in vivo cellular
microenvironment, but may provide challenges due to limited control over mechanical

properties of the resulting hydrogels and possible batch-to-batch variation.”® *** I

n
contrast, synthetic polymers provide greater tunability over mechanical properties due
to the large scope of chemical modifications available and have minimal batch-to-

batch variations.’"” **

However, synthetic polymers have limited cell-material
interactions and may exhibit limited biocompatibility compared to naturally derived
polymers. Hence, a combination of natural and synthetic polymers for hydrogel
synthesis not only affords tunable mechanical properties and greater biocompatibility,

but also can mimic aspect of native cellular microenvironment.*>*’
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Hydrogels are an attractive candidate as a drug delivery carrier due o their
physiochemical similarity to many native soft tissues, ability to maintain bioactivity of
cargo molecules, large drug loading capacity, and tunable mechanical properties.'® *
When the cargo molecule of interest, such as drugs, therapeutic proteins, growth
factors, or monoclonal antibodies, are physically encapsulated within the hydrogel
network, the rate of release is controlled by Fickian diffusion, changes in hydrogel
mesh size associated with hydrogel degradation, affinity interactions, or a combination
of these mechanisms.'® In our previous work, we demonstrated degradation-mediated
release of cargo (i.e., bovine serum albumin, nanobeads), which was attributed to the
mesh size of network being smaller than or comparable with the hydrodynamic
diameter of cargo molecules.’***” However, several immunomodulatory agents and
cytokines that are crucial for mediating cellular processes (e.g., interleukin-2 (IL-2),
fibroblast basic growth factor-2 (FGF-2)) have relatively low molecular weight. In
such cases, control over rate of cargo release is challenging due to rapid Fickian
diffusion-mediated release. For example, Zustiak and Leach compared the release of
lysozyme (M,, = 14.1 kDa, hydrodynamic diameter ~ 3.2 nm) against bovine-y-
globulins (Ig, My, = 150 kDa, hydrodynamic diameter ~ 9.4 nm) from PEG-based
hydrogels.”” Release of lysozyme was achieved rapidly (complete release in <24
hours) compared to release of Ig (prolonged release over 7 days) highlighting the role
of protein size-associated diffusivity from hydrogels.

In the present work, we hypothesized that a combination of receptor-ligand
interactions, along with stimuli-responsive degradation, would afford precise control
over the release kinetics of small molecular weight proteins ranging from few days to

a week time period. Heparin is heterogeneous glycosaminoglycan which has the

149



highest negative charge density of any known biological molecules.”’ The large
electronegative charge serves as a multivalent binding site for many proteins including
IL-2 (heparin binding constant = 0.5)*** and FGF-2 (heparin binding constant= 0.47
uM).* Heparin and heparin-sulfate based polymers have been utilized in numerous
drug delivery hydrogels for controlling release of protein via receptor-ligand

. . 51, 440-441
Iinteractions.™

For controlling degradation, our group has investigated retro-
Michael type and subsequent thiol exchange reaction under high glutathione
concentration, which is typically found in intracellular compartment and carcinoma

275, 442493 1 addition, our group and others have investigated stability of o-

tumor.
nitrobenzyl ether (0-NB) moiety under externally applied light leading to irreversible
photoisomerization,'* 27> 327> #4445 Apility to control degradation in response to
biologically relevant endogenous and exogenous stimuli offers precise control over
cargo release.

In the present work, we incorporated aryl-thiol based crosslinker to form
succinimide thioether linkages that are susceptible to reducing microenvironment
found at higher concentration in intracellular compartments and carcinoma tissue. In
addition, we reported synthesis of o-NB containing aryl thiol that is responsive to both
endogenous (i.e., high reducing microenvironment) and exogenous (i.e., externally
applied cytocompatible doses of light) stimuli. Stability of hydrogels, formed via
Michael-type reaction, was further investigated in other biologically relevant thiols
such as cysteine (CYS) and dithiothreitol (DTT). The rate of degradation was
characterized using oscillatory rheometery under varying % degradable content. The

release and bioactivity post-encapsulation and -release of small molecular weight

protein i.e., FGF-2 was investigated in vitro.
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4.2 Materials and Methods
4.2.1 Materials

General organic reagents and solvents were purchased from commercial
sources and used as received. 4-arm amine-functionalized poly(ethylene glycol) (PEG-
4-NH,, 10,000 g/mol) and linear maleimide-functionalized poly(ethylene glycol)
(PEG-MI) was purchased from JenKem Technology USA Inc. (Allen, TX). 4-[4-[1-(9-
Fluorenylmethyloxycarbonylamino)ethyl]-2-methoxy-5-nitrophenoxy|butanoic  acid
(Fmoc-PD) was purchased from Advanced ChemTech (Louisville, KY). Deionized
water (18 MQ-cm) was used for experimental procedures. All reactions were
conducted in glassware that was oven-dried and cooled under argon. All reactions
were performed in duplicate under an inert argon atmosphere using a Schlenk line

unless noted otherwise.

4.2.2 Synthesis of Aryl-thiol End Functionalized PEG

Sulfhydryl groups on 4-mercaptophenylacetic acid (MPA) were oxidized using
hydrogen peroxide in the presence of sodium iodide based on previously published
protocol.**® Briefly, 0.5 g (3 mmol) of MPA was dissolved in 10 mL of ethyl acetate
(EtOAc) in the presence sodium iodide (Nal, 4.4 mg, 0.03 mmol) and 30% hydrogen
peroxide solution (H2O3, 95 mg, 3 mmol). The reaction mixture was stirred at room
temperature for 3 hours without inert gas atmosphere. Saturated sodium thiosulfate
(NaxS,03) was subsequently added to reaction mixture (10 mL) and resulting mixture
was extracted with EtOAc. The organic phase was isolated and solid residue was

further purified using silica gel column chromatography (hexane — EtOAc).
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Purified oxidized MPA (100 mg, 0.6 mmol), -[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU, 228 mg, 0.6
mmol), and N,N-diisopropylethylamine (DIPEA, 130 mg, 1 mmol) and amine-end
functionalized PEG (500 mg, 0.05 mmol) were subsequently dissolved in DMF (20
mL) and reacted overnight at room temperature. The reaction mixture was precipitated
in ethyl ether (10x excess) at 4 °C. The polymer was separated using filtration and
dried polymer was obtained by removal of residual solvents under reduced pressure.
The polymer was subsequently reduced overnight in the presence tris(2-
carboxyethyl)phosphine (TCEP, 470 mg, 1.64 mmol) in DI water (20 mL) at room
temperature. The reaction mixture was dialyzed (MWCO 2000 g/mol) against 3.5 liter
of acidic DI water (pH 4 adjusted using hydrochloric acid) with total 3 changes over
24 hours at room temperature, and then lyophilized to obtain pale white solid. Degree
of thiol functionalization was determined using "H NMR spectroscopy using a Bruker
AVIII 600 NMR spectrometer (Bruker Daltonics, Billerica, MA) with DMSO as the

solvent.

4.2.3 Synthesis of Maleimide Functionalized Heparin

Low molecular weight heparin was modified with maleimide groups based on
previously published protocols.**> **” Briefly, 980 mg (0.22 mmol) of heparin was
dissolved in 100 mL of 0.1 M 2-(N-morpholino)ethanesulfonic acid buffer (MES, pH
= 6.0). Subsequently, 246 mg (1.46 mmol) of I-hydroxybenzotriazole hydrate
(HOBT), 246 mg of N-(3-Dimethylaminopropyl)-N' -ethylcarbodiimide hydrochloride
(EDC, 1.28 mmol), and 246 mg (0.96 mmol) of N-(2-Aminoethyl) maleimide,
trifuoroacetate salt (AEM) was dissolved and reacted overnight at room temperature

under inert atmosphere. The product was subsequently purified using dialysis (MWCO
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1000 Da) against 1 M NaCl and deionized water with total 3 changes each over 48
hours. The reaction mixture was subsequently lyophilized to yield solid white product.
Degree of functionalization (f = 2.2) was determined using maleimide protons in

downfield region (6.83 ppm) using 'H NMR.

4.2.4 Synthesis of Aryl-thiol End Functionalized Photodegradable PEG
Photodegradable aryl-thiol end functionalized PEG was synthesized based on
earlier published protocols.**” *** Briefly, Fmoc-PD (200 mg, 0.4 mmol), HATU (152
mg, 0.40 mmol), and DIPEA (104 mg, 0.8 mmol) were dissolved in DMF (10 mL) and
amine-end functionalized PEG (500 mg, 1 mmol) was added to the reaction mixture.
The reaction mixture was stirred overnight at room temperature and subsequently
precipitated in ethyl ether (100 mL). Solid polymer was obtained by filtration and
subsequent solvent removal at reduced pressure. Fmoc group was subsequently
removed by dissolving solid polymer in DMF (30 mL) containing 20% v/v piperidine.
The reaction mixture was stirred overnight at room temperature and product was
isolated by precipitation (ethyl ether) and residual solvent removal as described
earlier. The photodegradable group containing, amine-end functionalized polymer was
subsequently reacted with oxidized MPA and purified as described earlier to obtain

aryl-end functionalized photodegradable PEG.

4.2.5 Hydrogel Formation and Rheological Characterization
Thiol-functionalized and Maleimide-functionalized monomers were dissolved

individually in citric acid (pH = 3) and phosphate buffered saline (pH = 7)

respectively. Maleimide-functionalized heparin was mixed with PEG-MI such that

15% of MI functional groups are contributed by heparin-maleimide. Thiol-
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functionalized and maleimide-functionalized monomers were subsequently mixed at 4
°C with 1:1 thiol:maleimide molar ratio to form 7.5 weight % w/w hydrogels. For
rheological studies, the hydrogels were formed directly on the rheometer (ARG-2, TA
Instruments, USA). Mixed precursor solutions were added directly onto a Peltier plate
without apparent increase in the solution viscosity. 20 mm parallel plate geometry was
lowered immediately (120 um gap). Time sweep measurements were carried out under
the viscoelastic regime (1% constant strain mode at a frequency of 6 rad s ') at 25 °C.

Three independent samples per time point were analyzed.

4.2.6 Hydrogel Degradation

For hydrogel degradation studies, hydrogels were formed in a cylindrical mold
(diameter = 4.6 mm, thickness = 1.8 mm, volume = 30 ulL) by mixing 7.5 wt%
precursor solutions in a cylindrical mold at 1:1 thiol:maleimide stoichiometry. The
solutions were allowed to gel overnight to ensure maximum possible crosslinking
density. Resulting hydrogels were washed with PBS (2 mL) and incubated in reducing
microenvironment at room temperature over experimental time frame. At predefined
time points, mechanical properties of hydrogels were studied using oscillatory
rheometery (2 rad/s, 2% strain, 0.25 N force to avoid hydrogel slip) under the
viscoelastic regime. For light-mediated degradation studies, hydrogels were formed
directly on the quartz plate with slight maleimide excess over thiols (i.e.
thiol:maleimide ratio = 1:1.1) to avoid any unreacted thiol functional groups. After
complete gelation, a low dose of light was constantly applied (10 mW/cm?, 365 nm).
Storage and loss modulus were simultaneously measured using parallel plate geometry
using time sweep measurements under the linear viscoelastic regime (6 rad/s, 1%

strain). Six independent samples per time point were analyzed.
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4.2.7 Fibroblast Growth Factor (FGF-2) Release

For growth factor release studies, polymer precursor solutions were mixed and
and pipetted into a cylindrical mold (diameter = 4.6 mm, thickness = 1.8 mm, volume
= 30 uL). The solutions were allowed to gel at 4°C for 8 hours. Hydrogel discs were
immediately washed with PBS thrice to remove any surface-bound FGF-2 and
subsequently incubated in 10 mM glutathione in PBS buffer (2 mL volume). The
samples were gently rocked on lab shaker and 100 uL of sink solution was removed at
predetermined time points replacing with freshly added 100 ul GSH in PBS. Amount
of released FGF-2 was quantified using ELISA assay (Peprotech, Rocky Hill, NJ). The

cumulative release at each time point was calculated using following equation:

n
R =Yyt ) (U, C1)
i=1

where V,, and V, indicate amount of sink solution used for release measurement and
remaining volume of sink solution, respectively, (i.e., total volume of the sink, V' =V,
+ V) at each time point measurement; C is the concentration of released FGF-2
obtained using ELISA assay and the appropriate calibration curve; and 7 is the number

of experiment time points. Four samples per time point were analyzed.

4.2.8 Cell Culture

Human aortic adventitial fibroblasts (AF, Lonza) were cultured in stromal cell
basal medium (SCBM, Lonza), supplemented with 5% fetal bovine serum (FBS),
basic fibroblast growth factor, insulin, and gentamycin/amphotericin-B (all from
Lonza). Cells were used between passage numbers 4 and 7 for all assays and

maintained at 37°C with 5% CO,.
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4.2.9 Serum Stripping

To ensure that the effects observed in cell culture experiments were attained
solely to due FGF-2 released from hydrogels, HiTrap Heparin Affinity
Chromatography column (GE Healthcare, Pittsburgh, PA) was used to strip heparin-
binding molecules, including FGF-2, contained within FBS, following manufacturer’s
protocol. The column was equilibrated with 50 mL of binding buffer (10 mM sodium
phosphate; pH = 6.9). Next, FBS (5 mL) was then applied to the column and collected,
and the column was further washed with 50 mL of binding buffer. Heparin-binding
proteins were then eluted with 50 mL of elution buffer (10 mM sodium phosphate and
1.5 M NaCl, pH = 6.9). The serum was run over the column three times using this
process to ensure that all heparin-binding molecules were removed. The
concentrations of protein in the stripped serum, as well as the wash, binding, and
elution solutions, were determined using a Bicinchoninic Acid (BCA) Assay Kit
(Pierce, Rockford, IL) performed in triplicate, as described by the manufacturer’s

instruction.

4.2.10 Proliferation Assay

Hydrogel discs containing FGF-2 were fabricated as described previously, and
incubated in 10 mM glutathione in PBS buffer (2 mL volume). After 7 days, 200 uL
of the buffer solution was analyzed via ELISA to determine the amount of FGF-2
released over the culture period. The remainder of the buffer solution was lyophilized
to dryness and reconstituted in SCBM containing stripped serum, insulin, and
gentamycin/amphotericin-B. Using results obtained from ELISA, the lyophilized
proteins collected from the buffer of hydrogels originally incubated in a reducing

microenvironment were reconstituted at a concentration of 1 ng/mL FGF-2.
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Lyophilized proteins collected from buffer solutions of hydrogels incubated in a non-
reducing environment were set to 0.3 ng/mL to account for the differences in the FGF-
2 release profile.

AFs were seeded on TCPS surfaces in a 24-well plate format at density of
10,000 cells per well in 500 uL of medium containing stripped serum with FGF-2
released from hydrogels, at concentrations described above. AFs cultured in SCBM
containing 1 ng/mL FGF-2 was utilized as a positive control, while AFs cultures in the
absence of FGF-2 served as a negative control. After 48 hrs of culture at 37°C, 5-
ethynyl-2-deoxyuridine (EdU) was added to the growth medium to achieve a final
concentration of 10 pM. AFs were incubated for an additional 24 hours and the
subsequently, fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Halfield,
PA), permeabilized in 0.5% Triton-X 100 (Sigma, St. Louis, MO), and blocked with
1% BSA in PBS. To detect proliferating cells, azide-labeled Alexa Fluor 555 (AF-555,
Invitrogen) was selectively bound via copper-catalyzed azide-alkyne ligation of EdU-
labeled nuclei; cell nuclei were counter-stained using Hoescht 33342. Proliferating
cells were visualized using an EVOS FL Auto Cell Imaging System (Life
Technologies) with 10x objective. The percentage of proliferating cells was calculated
from the total number of nuclei and the number of nuclei with incorporated EdU from

five different spots per well.

4.2.11 Statistical Analysis
Results are expressed as mean + standard error of mean unless otherwise

specified. For statistical comparison, p < 0.05 was considered significant.
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4.3 Results and Discussion

4.3.1 Synthesis of Monomers
Various naturally derived polymers and synthetic polymers have been utilized

26

for hydrogel preparation.' Due to the excellent biocompatibility, tunable

mechanical properties, and control over chemical modifications, PEG-based hydrogels

18, 449

are well suited for drug delivery applications. In addition, lack of any protein

binding sites makes PEG-based hydrogels attractive candidate for biomedical

applications where a blank-slate material is preferred.***"

For drug delivery
applications, the release of cargo from PEG-based hydrogels is generally controlled by
Fickian diffusion, material degradation, or combination of both. The incorporation of
natural polymers (e.g., polysaccharides such as heparin) within hydrogels allows for
non-covalent interactions with biological cargo, which both improve the stability of
cargo molecules during encapsulation process and control cargo release kinetics.**>**
Specifically, heparin is a heterogeneous glycosaminoglycan with highest negative
charge density among naturally occurring polymers providing ionic interactions with
various proteins, growth factors, cytokines.”’ Hence, we hypothesized that a
combination of PEG and heparin containing degradable groups will afford control
over release of small molecular weight protein cargo via heparin-mediated interaction
and degradation-mediated mesh size changes (Fig. 4.1). Owning to presence of aryl-

thiol end groups, resulting hydrogels wundergo degradation in reducing

microenvironment due to retro Michael type and subsequent thiol exchange reactions.
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Figure 4.1 Polymeric building blocks for hydrogel formation. Reducing
microenvironment sensitive hydrogels were formed by reacting aryl-thiol
end functionalized poly(ethylene glycol) macromolecular precursor
(PEG-4-MPA) with maleimide-end functionalized PEG (PEG-2-MI) and
maleimide functionalized low molecular heparin (Heparin-MI) via
Michael-type reaction under aqueous microenvironment. Low molecular
weight proteins such as growth factors, cytokine, and immunomodulatory
agents can be incorporated within hydrogel network during the hydrogel
formation.

To control degradation of the hydrogels exclusively via retro Michael type
reactions, we modified earlier version of aryl-thiol end functionalized PEG by removal
of ester linkages.’****” An amide linkage, which has better stability in aqueous
microenvironment compared to ester linkages, was utilized to conjugate small
molecular aryl thiol to amine-end functionalized PEG via carbodiimide chemistry

(Fig. 4.2). Direct addition of MPA to PEG-4-NH; was challenging due to formation of
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thioester linkages (i.e., reaction of sulthydryl groups with the carboxylic acids), which
are unstable in aqueous microenvironment. Hence, MPA was first oxidized using
H,0, in the presence of Nal as a catalyst to protect sulfhydryl groups from
participating in subsequent reactions with carboxylic acids. Subsequently, carboxylic
groups on oxidized MPA were activated with HATU in the presence of DIPEA to
form an amide linkage with PEG-4-NH,. Successively, the polymer was reduced in
the presence of TCEP-HCI to generate reactive sulthydryl groups in acidic conditions
(pH 4). The reaction yielded aryl-thiol end functionalized polymers with 88%

modification as assessed from integration of aromatic proteins in '"H NMR (Fig. S4.1).
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Figure 4.2 Synthesis of aryl-thiol (PEG-4-MPA). Reagents and conditions are as
follows: (a) Nal, H,O, in EtOAc; (b) DIPEA, HATU in DMF under Ar;
(c) TCEP in DI water followed by dialysis against acidified water.

T

In order to covalently incorporate heparin within hydrogels, carboxylic acid

groups on uronic acid residue on heparin were modified with heterofunctional AEM
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crosslinker via carbodiimide coupling (Fig. 4.3). The number of maleimide groups
conjugated to heparin was controlled to be around 2 in order to incorporate heparin as
a crosslinking molecule within hydrogels. The carbodiimide reaction yielded
maleimide end-functionalized heparin with 2.2 functionality, as characterized using
integration of maleimide ring protons compared to anomeric protons of heparin in 'H

NMR (Fig. $4.2).
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Figure 4.3 Synthesis of maleimide-functionalized heparin (heparin-MI). (a) EDC,
HOBT, AEM in AEM buffer

In order to study light-mediated degradation of the hydrogels, o-
nitrobenzyl ether (0o-NB) moiety was incorporated within PEG-4-MPA. The o-NB
moiety undergoes irreversible photoisomerization in response to externally applied
cytocompatible light.””” In our previous work, we incorporated o-NB moiety on a

327

maleimide end-functionalized PEG macromer via ester linkage. Since the

maleimide ring hydrolysis was challenging in addition to the rapid ester hydrolysis (k
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= 6.84 x 10 min™), in the present work we sought to incorporate 0o-NB on PEG-4-
MPA along with amide conjugation (Fig. 4.4). Amine-end functionalized PEG (I) was
reacted with carboxylic acid of Fmoc-PD group (II) via carbodiimide chemistry.
Subsequently, the Fmoc protective group on photodegradable PEG (III) was cleaved
in the presence of piperidine to generate amine-end functionalized photodegradable
PEG (IV). Intermediate polymer IV was reacted with oxidized MPA in a similar
manner as described earlier to obtain aryl-thiol end functionalized PEG (PEG-4-PD-
MPA) with 78% modification characterized using '"H NMR (Fig. $4.3). To best of our
knowledge, this is the first reported synthesis of aryl-thiol end functionalized

photodegradable PEG macromer for controlling hydrogel degradation.
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Figure 4.4 Synthesis of photodegradable aryl thiol. Reagents and conditions are as
follows: (a) DIPEA, HATU in DMF under Ar; (b) 20% (v/v) piperidine
in DMF; (¢) DIPEA, HATU in DMF under Ar; (d) TCEP in DI water
followed by dialysis against acidified water.
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4.3.2 Michael-type Crosslinking to Form Hydrogels

The hydrogels were formed using Michael-type addition reaction between
sulthydryl groups of PEG-4-MPA and maleimide groups of PEG-Mal and heparin.
Michael type reaction is versatile reaction that occurs readily in aqueous conditions at

455-456

room temperature. In addition, the reaction does not generate any byproducts and

hence have been used to design cell-compatible hydrogels.*"**

In chemically
crosslinked hydrogels, the crosslinking reaction plays crucial role in hydrogel
formation and subsequent mechanical properties. Dynamic time sweep experiments
were conducted to study hydrogel formation and gelation kinetics. The storage (G’)
and loss modulus (G”) were recorded for 7.5 wt% composition using a parallel plate
geometry under the linear viscoelastic regime (1% strain, 6 rad/s angular frequency) as
a function of time. As indicated in the Fig. 4.5A, storage modulus rapidly increased
within initial ~2 minutes from 16 Pa to ~2000 Pa, while no significant change was
observed in loss modulus. While crossover point between G’ and G” was not observed
before the first data point was acquired, this data suggest rapid hydrogel gelation and
it’s utility for local injection at site of interest. For injectable hydrogels, liquid

precursor solutions need to be rapidly polymerized at the site of interest to avoid

uncontrolled diffusion of polymers and cargo molecules into the surrounding tissues.
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Figure 4.5 Rheological characterization during hydrogel formation. Oscillatory
rheology (A) time sweep and (B) frequency sweep data for 7.5 wt%
PEG-heparin hydrogels. Crossover point between storage and loss
modulus was not observed in time sweep measurement due to rapid
hydrogel formation. The data shown illustrate the mean (n > 3) with error
bars showing the standard error.

After the plateau region, no significant change was observed within G’,
indicating maximum possible crosslinking was achieved. Post-formation, the storage
modulus was significantly higher compared to G”, under 0.1 to 100 rad/s frequency
(Fig. 4.5B), demonstrating elastic nature of the network. While the modulus observed
in this experiment is comparable to our earlier studies at lower polymer concentration
(i.e., 5 weight % composition, ~2300 Pa)**, this disparity can be attributed to
additional network defects associated with incorporation of heparin containing
maleimide on the side chains. In general, looping, entanglements, or unreacted
functional groups significantly impact the crosslinking density and subsequent

367, 460 s .
7 Regardless, our results indicate

mechanical properties of the hydrogels.
reproducible and robust hydrogel formation via Michael-type addition reaction with

gelation time < 30 seconds.
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4.3.3 Stimuli-responsive Hydrogel Degradation

In order to study stimuli-responsive degradation, we first incorporated the aryl-
thiol based thioether succinimide linkages within the hydrogel backbone. Under the
non-reducing conditions, the reaction between aryl-thiol and maleimide yields
thioether succinimide linkage with the reaction equilibrium directing towards to the
product side, as shown in Fig. 4.6. Under reducing conditions, while the equilibrium
still lays toward the product side, during the backward reaction, a thiol from the
reducing agents, such as glutathione, can react with the maleimide to form relatively
stable alkyl-thiol based succinimide thioether linkage, which is dependent on the pK,
of both the aryl-thiol and the thiol of the reducing agent. The formation of relatively
stable alkyl-thiol based succinimide thioether results in breakage of the original
hydrogel crosslink leading to network degradation. Our previous studies have
demonstrated degradation of aryl-thiol based succinimide thioether linkages in the

presence of glutathione.***>*
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Figure 4.6 Hydrogel degradation pathways (A) Aryl-thiol based succinimide
thioether linkage can exchange thiol in solution to form a relatively stable
alkyl-thiol (i.e., cysteine) based succinimide thioether linkage resulting in
hydrogel degradation. (B) o-nitrobenzyl ether moiety undergoes
irreversible photoisormerization yielding respective ketone and amide
under cytocompatible light doses.
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In the present work, we hypothesized that the aryl-thiol based
succinimide thioether can undergo cleavage in the presence of biologically relevant
thiols such as cysteine (CYS) and dithiothreitol (DTT) besides glutathione (GSH). The
retro and subsequent exchange reaction is essentially driven by the differences in pK,
of aryl thiol (pKawmpra) = 6.6) and alkyl thiols (pKaGsn) = 9.3, pKaorr) = 9.0, pKacys) =
8.9).%14%2 T¢ study hydrogel degradation in response to various reducing agents, we
monitored mechanical properties of hydrogels as a function of time using oscillatory
rheometry. Specifically, hydrogels were incubated under high reducing
microenvironment at 10 mM thiol concentration, similar to the concentration of thiol

336. 48 The storage

found in intracellular compartments and tumor microenvironment.
moduli at each time point were measured and the degradation rate was obtained by
plotting normalized storage modulus as a function of time (first-order degradation
kinetics since the rate of degradation is proportional to number of degradable
linkages). The degradation rate constants for aryl-thiol based hydrogels were found to
be 1.46 x 10° min”', 1.43 x 10” min"', and 1.88 x 10” min"' for GSH, DTT, and CYS
respectively (Fig 4.7A). As the rate constants are not statistically different (p = 1, one
way ANOVA), the experimental results indicate that GSH, DTT, and CYS at a similar
thiol concentration results in the degradation of hydrogels at similar rate via retro-
Michael type and subsequent thiol exchange reaction. Further, the rate constant in the
presence of GSH correlates well with our previous studies (k = 1.52 x 10~ min™).**’
To our knowledge, this is the first study exploring effect of other biologically relevant
thiols besides glutathione on the stability of aryl-thiol based thioether succinimide

bond. Responsiveness to alkyl thiols can be explored for future biomaterial, biosensor,

and biomedical imaging applications.
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Next, we sought to study effect of reducing microenvironment
concentration on the rate of degradation of the hydrogels. In human body, the
concentration of glutathione varies significantly from micromolar to millimolar
range.*® In particular, for carcinoma tissue, the concentration of thiols varies from 1
to 1.5 mM.** Hence, we studied the degradation under lowed GSH concentration of 1
mM. The rate of degradation was calculated by monitoring storage modulus as a
function of time (Fig. 4.7B). The decrease in storage modulus indicates decrease in
crosslinking density due to retro-Michael and subsequent thiol exchange reaction.
Under 10 mM GSH condition, degradation rate constant was found to be 1.46 x 107
min” (t;, = 474 min) with complete erosion, or reverse gelation occurring after 48
hours. At lower glutathione concentration (1 mM GSH), the degradation rate constant
was found to be 4.47 x 10 min™ (t;, = 1550 min) with complete erosion occurring
after 168 hours. Since the glutathione concentration varies significantly within human
body, the responsiveness to glutathione concentration offers promising approach to

specifically deliver cargo molecules at the site of interest utilizing the reducing

concentration gradient.
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Figure 4.7 Hydrogel degradation in reducing microenvironment. (A) Hydrogels
underwent degradation via retro-Michael and subsequent thiol exchange
reaction with similar rate constants (p = 1) when incubated with
biologically relevant alkyl thiols such as glutathione (GSH), dithiothreitol
(DTT), and cysteine (CYS). (B) The rate of degradation was found to be
dependent on glutathione concentration. At high reducing
microenvironment (10 mM) that is found in intracellular compartment
and carcinoma tissues, the rate of degradation was an order of magnitude
faster compared to lower reducing microenvironment concentration
proving promising approach for reducing-microenvironment sensitive
drug delivery carriers. (C) By varying ratio of alkyl to aryl thiol, the
number of degradable crosslinked was varied between 33% to 100%
degradable hydrogels, which in turned controlled the rate of bulk
degradation. The degradation half-life was found to be ~2550 minutes
and ~635 minutes for 66% and 100% degradable hydrogels respectively,
where as 33% hydrogel did not undergo complete degradation. The data
shown illustrate the mean (n > 6) with error bars showing the standard
error.

To further tune the rate of degradation of the hydrogels via retro-
Michael and subsequent thiol reactions, we varied the % degradable content. Earlier
studies demonstrated the stability of alkyl-thiol based succinimide thioether linkages
in the reducing microenvironment.*® Hence, the ratio of alkyl-thiol and aryl-thiol
within precursor solution was varied to obtain 33%, 66%, and 100% degradable
hydrogels. Varying the thiol concentration did not affect the final storage modulus
post-formation, indicating that similar crosslinking density was achieved irrespective
of the alkyl:aryl thiol ratio. Hydrogels were subsequently incubated in PBS buffer
containing 10 mM GSH at room temperature and storage modulus was measured at
predefined time points. The rate of degradation was calculated by plotting normalized
storage modulus as a function time. As is apparent in Fig. 4.7C, all conditions showed
decrease in modulus indicating hydrogel degradation in the reducing

microenvironment. The 100% degradable hydrogels showed rapid degradation under
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reducing microenvironment with rate constant of 1.46 x 10> min™', with complete
erosion occurring after 48 hours. Hydrogels composed of 66% degradable groups
showed relatively slower rate of degradation (k = 6.49 x 10 min™), where complete
erosion was observed after 96 hours. The 33% hydrogels showed slowest degradation
among these three conditions, with degradation rate constant of 3.59 x 10 min™.
These hydrogels did not undergo complete erosion, but were too soft to handle and
measure mechanically after 120 hours. Control over the rate of degradation by varying
% degradable content demonstrated a method to provide additional tuning of the
hydrogel degradation kinetics.

We further sought to study effect of externally applied light on
photodegradation of PEG-heparin hydrogels. In our previous studies, we observed
degradation in response to externally applied cytocompatible UV and visible light.
However, uncontrolled and rapid ester hydrolysis provided additional challenges for
application in drug delivery where long-term (few days to a week) release is needed.
Hence, we sought to replace the labile ester linkages within macromers with amide
linkages. While the replacement of ester linkage with amide linkage improved the
stability in aqueous microenvironment, the rate of photodegradation was 2.5 times
slower compared to our previous study (Kphotodegradation, amide = 0.12 min’, Kphotodegradation,
ester = 0.30 min™', 365 nm, 10 mW/cmz) as shown in Fig. 4.8 These results are not
surprising since typically o-NB groups conjugated with polymer via amide linkages

406, 464

show slower rate of degradation. For example, Anseth and coworkers

demonstrated ~15% degradation in hydrogel containing o-NB amide linkage by ~6

minutes using 10 times higher light intensity (102 mW/cm?).***
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Figure 4.8 Light-mediated degradation. (A) Photodegradable MPA-based hydrogels
undergo degradation in response to externally applied light (365 nm, 10
mW/cm?). (B) Photodegradation kinetics were evaluated in a linear
region between 6 to 16 minutes yielding photodegradation rate constant
of 0.12 min™'. The data shown illustrate the mean (n > 3) with error bars
showing the standard error.

4.3.4 Growth Factor Release

Growth factor delivery profiles are of interest in the present work, given our
ultimate interest in delivering low molecular weight therapeutic proteins through
controlled release mechanisms stemming from degradable hydrogels. Towards these
ends, the release of FGF-2 from PEG-heparin hydrogels was investigated in vitro.
FGF-2 has a comparable molecular weight and heparin-binding affinity similar to that
of immune activating cytokine interleukin-2 (IL-2) that is approved for intralesional

559 In initial studies, growth-factor loaded

injectors for melanoma treatment.
hydrogels were incubated in reducing and non-reducing aqueous microenvironment
(i.e., PBS buffer containing 10 mM GSH and 0 mM GSH respectively) and aliquots
were removed at pre-determined time points over the course of one week. The
concentration of the released FGF-2 was subsequently determined using an

immunochemical assay. The cumulative FGF-2 release as was plotted as a function of

time as shown in Fig. 4.9. Under non-reducing microenvironment, FGF-2 release
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shows very little to slight burst release, with approximately ~20 % of total FGF-2
released during experimental time frame. In contrast, under the reducing
microenvironment, approximately ~40% of total FGF-2 was released before complete
erosion and ~80-90% of the total FGF-2 was released after complete erosion. The
difference in release profile clearly shows that the release of small molecular weight
protein is controlled by the changes in hydrogel mesh size associated with hydrogel
degradation. In addition, the receptor-host mediated interaction prevented free
diffusion of small molecular weight proteins from the hydrogels (hydrodynamic size

of FGF-2 = 2.8 nm,*® estimated mesh size = ~8 nm).
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Figure 4.9 Degradation mediated release of biologics. Release of small molecular
weight protein, FGF-2 (fibroblast growth factor) was monitored in vitro
using immunochemical assay. The release of FGF-2 in reducing
microenvironment (PBS buffer containing 10 mM GSH) that is found at
carcinoma tissues was compared with non-reducing microenvironment
(PBS buffer). Hydrogels show minimal burst release under the non-
reducing microenvironment. In contrast, under the reducing
microenvironment FGF-2 was released rapidly, with approximately
~40% of cargo getting released before complete erosion, and ~80-95% of
cargo getting released once complete hydrogel degradation (i.e. reverse
gelation) was observed. The data shown illustrate the mean (n > 4) with
error bars showing the standard error.

4.3.5 Bioactivity of Released Growth Factor

To assess the bioactivity of FGF-2 following encapsulation into and release
from growth-factor loaded hydrogels, we examined the bioactivity of released FGF-2.
FGF-2 is known to promote proliferation in many cell types, including human aortic
adventitial fibroblasts (AF).**® Thus, we set out to determine the bioactivity of FGF-2
released from hydrogels on AF proliferation. FGF-2 released from hydrogels cultured
in reducing and non-reducing microenvironments was collected after 7 days,

lyophilized, and reconstituted in AF medium containing 5% stripped serum. The
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lyophilized proteins collected from the buffer of hydrogels originally incubated in a
reducing microenvironment were reconstituted at a concentration of 1 ng/mL FGF-2,
while proteins collected from hydrogels incubated in a non-reducing environment
were set to 0.3 ng/mL to account for the differences in the FGF-2 release profile. After
48 hrs of culture, AFs were treated with 10 pM EdU for a further 24 hrs. AFs cultured
in SCBM containing 1 ng/mL FGF-2 was utilized as a positive control, while AFs

cultures in the absence of FGF-2 served as a negative control.

Positive Negative
Control Control

Reducing Non-reducing
Microenvironment Microenvironment

Figure 4.10 Bioactive FGF-2 promotes cell proliferation. Bioactivity of released
FGF-2 from PEG-heparin hydrogels was studied using adventitial
fibroblast (AFs) proliferation assay since the FGF-2 is known to promote
proliferation of AFs. Released FGF-2 from reducing microenvironment
and non-reducing microenvironment was added to in vitro cell culture
and proliferating cell nuclei were labeled with Alexa Fluor 555 (red)
using EdU assay. Released FGF-2 demonstrated similar effect on cell
proliferation compared to pristine FGF-2 added at a similar concentration
(positive control) indicating that the protein bioactivity was not affected
during encapsulation and subsequent release process.
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Cell proliferation was quantified by examining the number of EdU-positive
AFs after 72 hrs of culture, as demonstrated in Fig. 4.10. AFs treated with FGF-2
released in a reducing microenvironment exhibited a proliferation rate of 27%, which
was similar to the proliferation rate observed for that of the positive control, which
contained pristine FGF-2 (Fig. 4.11). These results indicate that encapsulation into and
release from hydrogels did not impact the bioactivity of FGF-2. Further, the
proliferation of AFs cultured with FGF-2 released in a non-reducing
microenvironment was significantly lower, where a proliferation rate of 10% was
observed. This was similar to the proliferation rate observed for the negative control,

where AFs were cultured in the absence of FGF-2.
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% Cell Proliferation

Figure 4.11 Quantification of cell proliferation. FGF-2 released from reducing
microenvironment had similar bioactivity as that of the positive control
(i.e. pristine FGF-2). However, released FGF-2 from reducing
microenvironment showed significant difference compared to negative
control (i.e., no FGF-2) and non-reducing condition. The data shown
illustrate the mean (n > 4) with error bars showing the standard error. *
indicate p value < 0.05.

In a separate set of experiments, when the concentration of FGF-2 from
released in a non-reducing microenvironment was set to 1 ng/mL FGF-2, similar to the
concentration used for the FGF-2 obtained from reducing microenvironment in this
experiment, AFs elicited proliferation rate of 25% (data not shown). As such, the low
proliferation rate observed in the non-reducing microenvironment cultures is likely
attributed to fact that the concentration of FGF-2 is below the threshold required to
stimulate proliferation, rather than the released FGF-2 becoming inactive. Regardless,

in a non-reducing microenvironment, less AF proliferation would likely be observed
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due to the diminished amount of FGF-2 released from the growth factor-loaded

hydrogel.

4.4 Conclusion

In this work, we report synthesis of stimuli-responsive hydrogels in which
degradation can be tailored by varying degradable chemistries that responsive to
reducing microenvironment and externally applied cytocompatible doses of light.
Hydrogels were formed rapidly via facile Michael-type reactions without any reaction
byproducts. The hydrogels showed controlled degradation in the presence of
biologically relevant thiol molecules such glutathione, cysteine, and dithiothreitol via
retro-Michael and subsequent exchange reaction. The rate of hydrogel degradation
was found to be dependent on degradable crosslink content and reducing
microenvironment concentration. Further, we report inclusion of o-nitrobenzyl ether
moiety that is sensitive to externally applied cytocompatible light. Incorporation of
reduction-sensitive linkages resulted in ~2.3 fold differences in the release profile of
fibroblast growth factor-2 (FGF-2) in the presence of GSH compared to non-reducing
microenvironment. Bioactivity of released FGF-2 was comparable to pristine FGF-2,
indicating the ability of the hydrogel to retain bioactivity of cargo molecules during
encapsulation and release. Results of this study indicate that incorporation of receptor-
host interactions along with degradable linkages are capable of controlling release of

small molecular weight proteins in a stimuli-responsive manner.
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Figure 4.12 "H-NMR spectrum for four-arm aryl-thiol functionalized PEG MPA.
Functionality was calculated based on the integration of the aromatic
proton (labeled as b and c¢), in this case, 88%.
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Chapter 5

CONCLUSION AND FUTURE DIRECTIONS

This chapter contains a summary of conclusions discussed in the previous
chapters. The goal of this doctoral dissertation was to design multimodal degradable
hydrogels that are responsive to multiple biologically relevant stimuli for degradation-
mediated controlled drug delivery. We began by studying existing literature about the
hydrogel design criteria, polymers for hydrogel formation, crosslinking chemistries,
stimuli-responsive degradable moieties, and present hydrogel-based drug delivery
technologies. Towards design of injectable hydrogels we considered following
parameters: i) biocompatibility of polymeric building blocks, ii) cytocompatible
crosslinking chemistries with appropriate gelation kinetics, #ii) consistency in
mechanical properties iv) degradability in response to biologically relevant stimuli,
and v) mass transport of cargo from hydrogels to desirable site in in vivo
microenvironment.

We began by developing dually degradable poly(ethylene glycol)
(PEG) based hydrogels that are responsive to endogenous stimuli. Rapid hydrogel
formation was achieved using Michael-type reaction between thiols and maleimides.
Selective incorporation of aryl-thiol based succinimide thioether linkages resulted in
controlled degradation in glutathione microenvironment that is found at higher
concentration in intracellular compartments and carcinoma tissues. Specifically, the
rate of hydrogel degradation was found to be depending on the chemistry of

crosslinker, the number of degradable crosslinks, and the concentration of reducing
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microenvironment. In addition, ester linkages were incorporated within the polymer
backbone to further tune the degradation in response to aqueous microenvironment at
a preprogrammed rate. Encapsulation and release of bovine serum albumin (BSA) as a
model protein demonstrated potential of these matrices and approaches for controlled
release application in glutathione-reach microenvironments.

We next sought to control the hydrogel degradation rate and subsequent
release in response to biologically relevant exogenous stimuli. o-Nitrobenzyl (0-NB)
group undergoes irreversible photoisomerization under cytocompatible doses of light.
To incorporated o-NB group within polymeric monomers, we developed a novel
multi-step synthetic route to yield photodegradable maleimide end-functionalized PEG
monomers. Subsequent gelation with aryl thiol end-functionalized PEG via versatile
Michael-type additional reaction resulted in formation of multimodal degradable
hydrogels. The hydrogels exhibited rapid gelation and consistent mechanical
properties between samples, which will be helpful for their development as injectable
drug delivery vehicles in vivo. By incorporation of photodegradable o-NB groups,
aryl-thiol based succinimide thioether linkage, and ester linkages, degradation in
response to externally applied light, glutathione, and aqueous microenvironments was
achieved, respectively with degradation rate constants ranging from ~10"" to 10™* min"
'. As a proof of concept, the controlled release of nanobeads from hydrogels was
demonstrated in a preprogrammed or stimuli-responsive manner via bulk degradation
and surface erosion. Our preliminary results demonstrated applicability of multimodal
hydrogels for delivery of multiple therapeutics using complex material degradation

profiles as necessitated by the end application of interest.
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Development of multimodal degradable hydrogels presented additional
challenges for transitioning towards in vivo applications including i) relatively faster
rate of degradation in aqueous microenvironment due to ester hydrolysis ii) need for
additional tunability over degradation rate ranging from few days to a week time
period, and iii) delivery of small molecular weight proteins such as interleukin-2 (IL-
2) and fibroblast growth factor-2 (FGF-2). Towards addressing limited stability of
ester linkage neighboring o-NB group, we modified our synthetic strategy by
replacing ester linkage with amide linkage, which is relatively stable in aqueous
microenvironment. To incorporate additional tunability over the rate of degradation,
we varied the % degradable content resulting in retro-Michael type degradation
constant ranging from 10 to 10* min"'. Low molecular weight heparin was
colvalently incorporate within the hydrogel to provide additional control over release
of low molecular weight proteins. Incorporation of reduction-sensitive linkages
resulted in ~2.3 fold differences in the release profile of fibroblast growth factor-2
(FGF-2) in the presence of GSH compared to non-reducing microenvironment.
Bioactivity of released FGF-2 was comparable to pristine FGF-2, indicating the ability
of the hydrogel to retain bioactivity of cargo molecules during encapsulation and
release. Results of this study indicate that incorporation of receptor-host interactions
along with degradable linkages are capable of controlling release of small molecular
weight proteins in a stimuli-responsive manner.

While improvement of current multimodal hydrogels for drug delivery
applications is a on-going process, there are major unexplored areas of research that
will significantly improve these systems for drug delivery. While the depth of

penetration varies in each patient depending on the type and extent of carcinoma
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tumor, incorporation of upconverting nanoparticles within hydrogel formulation will
significantly improve the depth of penetration (up to ~5-7 cm). Building upon Zhao
and coworkers research, nontoxic nanoparticles that absorb NIR light (900-1050 nm
with maximum at 980 nm) and emit long-wavelength UV and blue light (340-450 nm)
can be synthesized based on published protocols (core-shell NaYF4s:TmYB;
core=NaYF4:0.5% Tm’":30% Yb’"; shell=NaFY,).*”**® In addition, to achieve better
control over the hydrogel formation in vivo, injectable formulations can be replaced
with preformed microgels and/or nanogels that can be delivered at the site of interest.
Micro- and nanogels can be synthesized building on published techniques that
incorporate emulsion polymerization, colloidal chemistry, and microfluidics
devices.*®*’! Overall, the investigation of these multimodal hydrogels discussed
herein further increases our knowledge of these degradable chemistries to tune the rate
of degradation in response to biologically relevant stimuli and application in drug

delivery technologies.
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